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A GENERAL DISCUSSION ON THE PHENOMENA 
OF POLYMERISATION AND CONDENSATION. 

Thursday^ 26th September to Saturday^ 28th September^ 1935. 

The Sixty-Third General Discussion of the Faraday Society 
(being the fourth Colloid Meeting organised by the Colloid Committee 
of the Faraday Society, which comprises representatives of the Royal 
Society, the Biochemical Society, the Chemical Society, the Faraday 
Society, the Physical Society, the Physiological Society, and the Society 
jof Chemical Industry), was held in Cambridge from the 26th to 28th 
: September, 1935, inclusive. 

The subject under discussion was “ The Phenomena of Polymerisa- 
tion and Condensation,*’ the papers being considered under the two 
main headings : (i) General and {2) Special. 

^ The meeting was held in the Zoo!og>^ Department of the University 
of Cambridge by courtesy of Professor Stanley Gardiner, the President 
Mr. W. Rintoul occupying the Chair throughout the meeting. By 
the courtesy of the Master and Fellows, members and guests were 
accommodated tn Pembroke College, a considerable overflow staying, 
however, at the Bull Hotel Those staying at the Bull Hotel wwe 
able to join the party in College for meals. Morning coffee and after- 
noon tea were taken in the Department of Zoology. 

The Guest Night Dinner was held on Friday, 37th September, in 
Hall There w^ere no formal speeches, but the toast of the overseas 
guests was proposed by Professor Donnan and replies by Professor 
Staudinger, Professor Kurt Meyer, Professor Mark, Professor Katz and 
Dr. Carothers were called for. The toast of the Master and Fellows 
of Pembroke College was proposed by the President and Mr. S. C. 
Roberts replied. Toasts were also accorded to Professor Rideal and 
Mr Wansbrough- Jones. 

At the Inaugural Meeting the Vice-Chancellor of the University, 
Mr. J. F. Cameron (the Master of Caius and Gonville) welcomed the 
Society to Cambridge and took the opportunity of paying a tribute 
to the memory of Sir William Hardy on whose initiative the Colloid 
Committee of this Society was formed. The President then introduced 
the overseas guests, members and visitors and called upon them each 
to rise in his place, whereupon they were w'elcomed with acclamation. 
Those so welcomed were : Dr. L. Altwegg {Paris), Dr E. Bergmann 
(Rehoboih), Dr. J. H. dc Boer (Eindhoven), Dr. T. F, Bradley (Linden, 
iv.y.), Dr W. H. Carothers (Wilmington DeL), Dr H. Dostal (IfiFn), 
Dr. F. Eirich (fFiVn), Dr. R. Houwink (Eindht^t), Professor and Mrs. 
J. R. Katz (Amsterdam), Mr and Mrs. R. H. Kienle (Bound Brook, 
JV.5^,), Professor P. N. Kogertnan (Tartu), Frln. Dr. D. Kruger (Berlin), 
Professor H. Mark (BVen), Professor M. Mathieu (Paris), Professor 
Kurt H. Meyer (Geftthod^Genhe), Dr R. Meyer (Paris), Dr. Jf, van der 
Minne (Amsterdam), Dr. Orthner (Frank/urt), Dr. J. C. Patrick (Fard- 
mile, Professor H. Pringsheim (Prag), Dr E. Proskauer (Leipzig), 
Dr* G. Salomon (Zurick), Dr. Sauter (Freiburg r Br,) Professor and 
Mrs. Signer (Bern), Professor H. Staudinger (Freiburg L Br,), Professor 
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T. Takei [Tokyo), Dr.^P. von Tavel [Bern), Dr. J. C. Vlugter [Amster- 
dam), Professor H, I. Waterman [Delft), Dr. A. Weidinger [Amsterdam),. 
Professor F. Weigert [Leipzig), Dr. H. B. Weiser [Houston, Tex,). 

Professor £♦ K. Rideal then said : In the first plac|||l would 
like to thank, both on your behalf and personally, our Vice-flancellor 
for devoting the time to open our discussion. To those of you who 
are not acquainted with our University I can give the assurance that 
the Vice-Chancellor is our busiest representative. 

I wish also to extend a^ordial invitation to those present to inspect 
the laboratory of Colloid Scien^ It is a relatively small laboratory, 
but we have attempted to mal^it a convenient and pleasant place to 
work in. 

Finally I would like to draw your attention to the fact that the 
scientific works of the founder of the Colloid Committee of the Faraday 
Society, Sir William Bate Hardy, F.R.S., will be published shortly by 
the Cambridge University Press, who have provided us with a number 
of sample partly-printed copies for inspection. As some of you may 
remember, the cost of publication has been estimated at about one 
thousand pounds ; towards which the Cambridge University Press 
have most generously provided three hundred pounds. I liave to thank 
Hardy’s College, Gonville and Caius, the Royal, Physiological, Chem- 
ical, Biochemical and our own, the Faraday, societies, the dominions 
of South Africa, Australia, and New Zealand, and jjarticularly the 
Premier of the latter, for interesting themselves ' nf tWs matter. - 
I would 0SO like to express my indebtedness to Lady Hardy and 
Dr. E. C. and Mrs. Smith, for their valuable assistance in the collecting 
of the papers. 

I trust that we as a Society shall welcome this publication, which 
as you well know contains a numbers of papers classic in our science. 

At the conclusion of the meeting a vote of thanks was accorded 
at the instance of the President to the overseas guests, whose presence 
had particularly contributed to the success of the meeting. Professor 
Kurt Meyer replied on behalf of the overseas guests, and said that 
they would all be very glad to come again to meetings of the Society, 
On the motion of the President a vote of thanks was accorded to 
Professor Gardiner and the staff of the Department. The Secretary 
proposed a vote of thanks to the Master and Fellows of Pembroke 
College and mentioned the great difficulties under which the College 
was labouring owing to the recent death of three senior Fellows and, 
only ten days ago, of the Bursar, Mr, H. G. Comber. They would 
all, he knew, endorse his action in writing to the Master and expressing 
the Society’s sympathy with the College. The smooth way in which* 
the arrangements for their comfort had been carried out reflected 
great credit on the servants of the College and those Fellows who 
had carried on its work. This was received with sympathy. Tli^ 
President also proposed votes of thanks to the contributors of papers, 
to Dr. Rabinowitch for his translations, and to the Colloid Committee 
and the sub-committee, particularly Professor Rideal, for organising 
and arranging the meeting. The proceedings closed with a vote of 
thanks to the President and the Secretary. 

The report of the mating, including all the papers contributed 
and the general discussion thereon, appears in the following pages : 
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fe identic<4.1 with the curve (curve b) for the van der Waais attractive 
"ner^, for distances greater than 4 A., and while further it is assumed, 
>ri the basis of data for other molecules that, when the equilibrium 
^^tance, t.c , the position of tlie potential minimum lies at 37 A , the 


^er^ content is again zero at 
j;*4 A. In the calculation (cur\"e 
7) the van der Waals reciprocal 
C 

jnergy i*- set equal to whereby 

C is calculated according to the 
Slatcr-Kirkwood approximation 
ormnla when an average valu( 
5 t(j 1 7 / \or^^ is taken for t he 
^olarisability. Thus 

f r~ 805 ' i<r^®kg. cal. A cm.® 
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11 we let the two benzciu f 
'ings approach each other along 
Mine perpendicular to both ring^ 
the six CH groups w’hich 
ife closest to each other (the 

1 — i', 2 — ; 5 ', etc. m Fig 4 
with respect to the anisotropy <»t 
into account, we use the formuL 


C ^ «o*iaa»'* - aj>' 


. 14 — l^otcntial energy of two an>- 

matic CH groups as a function of the 
Uifetance between the groups {cun e a), 
Cur\e b gives the course of the ^an 
der Waals attractive energy. 

will be in unfavourable positions 
the fiolansability. In order to take 
.1 mumoued m § 3 : 

llVn 


■ ■ 
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for wliicli w( cakuLdc hi% Iw substituting lor C the value of C according 

to the approximation formula 
(»f London, C = and 

for S the experimental value 
(S 10‘67 kg. cal. /mol) in 
the expression 


Ooihmcf tHitw»€n benzette- 

i ^ i 







c (Cf.§5). 


We thus obtain hv^ ~ 353 
kg. cal. In iMg. 15, cur\e a 
represents the respective re- 
ciprocal energy of the "ix 
pairs of CH groups wdiich he 
opposite each other, calcu- 
lated With the aid of a value 
of C which takes into account 
the anisotropy (r — 592 \ 
10*^ kg. cal. X cm®.), w^hile 
curve b gives the total re- 
ciprocal energ>^ of both ben- 
zene molecules, wdiereby, as 
in § 3, no account is taken 
^ the anisotropy for pairs 
drCH groups, wdiich do not 
lie opposite cath other {C yyo kg. cal X cm®.). Although^ 

r/ table in 11. A Stuart's ktuf, Berlin, 1934, PP* 3b and aOa. 


Flo. 15 — Potential energ>^ of two benzene 
molecules, parallel plants, as a 

u ' function of the distance between the 
♦molecules (curve b). Curve repi events 
^ the recipiocal energy of the six naiir^ of 
C// groups which he opposite each otJiier. 
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therefore, at distances slightly less than 37 A. the pairs of CH groups 
directly opposite each other are situated upon the repulsion branch of 
the potential curve, the molecules taken as a whole nevertheless attract 
each other with increasing force until the potential minimum for the 
whole molecules is reached at 3-5 A. It is evident, further, that at a, 
mutual separation of 3-2 A. the energy content is still only slightly 
negative, while at 3-1 A. the repulsion is already so great that 3 to 4 kg.. 
cal. would be ncccssaiy- to cause the molecules to approach to this 

cilSt<3ill.CG 

Therefore, if two or more benzene rings in a molecule must be brought 
so close to each other, this occurs at the cost of the energy content of 
the molecule. It may be that the easy dissociability of hexaphenyt* 
ethane into two triphenyl-methyl radicals is partially due to this effect. 
In this case the energ>' of dissociation is about 12 kg. cal,, while on the 
contrary 71 kg. cal. are necessary to separate two normally bound 
aliphatic carbon atoms.*^ We must keep this repulsion strictly in mind 
in the discussion of the orientation in polystyrene.*® 


15 . Positions of the Benzene Rings In Polystyrene, Assuming 
a Structure of the Aliphatic Carbon Chain like that in 
Solid Paraffins. 


If we assume that the aliphatic carbon chain in polystyrene has tiie 
same structure as the aliphatic chains in the solid paraffins, and if we 

imagine the phenyl groups substituted 


H H 



Fig, 16. — Part of a polystyreiu inoU’- 
cule ; the CgH^ group on the 
second and the H atom on the 
fourth carbon atom of the chain 
stick out from the figure : the 
H atom on the second and the 
CgHii group on the fourth carbon 
atom he behind the plane of the 
drawing. 

positions under this case : 


on the carbon atoms 0 , 2 , 4 , etc*, then 
we may distinguish several cases A, 

B, and C. 

A* The plienyl groups on the 
second and fourth carbon atoms are 
situated on different sides of the 
carbon chain. This is indicated 
schematicalty in Fig. l6 in which 
the QHj group on the second, and 
the H atom on the fourth carbon 
atom must be imagined to stick out 
from the figure and the H on the 
second and the on the fourtii 

carbon atom must be imagined to 
lie behind tlic plane of the drawing, 
We consider the three following 


{a) That in which both benzene rings lie perpendicular to the direc* 
tion of the carbon chain (Fig. 17), 

{b) That in which both benzene ring.s lie parallel to the direction 
of the carbon chain (Fig. i8). 

(c) That in which one of the benzene rings is perpendicular and one 
parallel to the carbon chain (Fig. 19). 


larger aliphatic groups, naphtbyh etc., the dissociatioii 

IS still easier. 

Additional phenoi^xia. connected with the repulsion between twu phenyl 
groups which are very close to each other in the molecule, are the stretofoW-out 
relatively large valence angle {t^2^ i, of diphenyl 
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If we keep in mind that, in all positions (especially in position A r, 
Fig. 19), the CH groups of the benzene rings which have approached 
closest to each other, do not attract each other with the maximum force, 
but even repel each other appreciably, we come to the conclusion that 
the benzene rings attract each other in all three positions and that 
binding energies are : 

Position A a about 2*4 kg, cab 
M A b „ 2-3 

Ac .. 1-8 



Fio. 17. — Part ofa poly»t>Teue molecule ; Fxo, i8, — Part of a polystyrene mole- 
positions as in Fig. lO; both benzene cuie; positions as in Fig, x6 ; 

rings petpendicitlar to the direction both benzene rings parallel to the 

of the carbon chain. direction of the carbon chain. 


If, further, we remember that in position A b the distance between 
the H atom, which is also attached to carbon atom 4 , and the closest 
CH group of the benzene ring attached to carbon atom 2 is only about 
p8 a. {calculated to the nudeus of the C atom of the CH group. E 
the H atom is calculated separately the repulsion becomes still much 
greater), we see that the combining energy^ in position A c and especially 


in position A 6 will thereby be much 
smaller than the above-mentioned quan- 
tities indicate (the energ>’ content of the 
system of two H atoms and two benzene 
radicals will probably even be positive 
in these positions because of the strong 
repulsion between the H atoms and 
the closest CH groups of the benzene 
nuclei)-*^ 

The differences in energy among the 
three above-mentioned positions Uiere- 
fore become greater than the average 
kinetic energy at room temperature, so 
that we arrive at the result that case 
A a k not only by far the preferred one, 
but also that die benzene radicals, in the 


H H 



Fig. 19, — Part of a polystyrene 
molecule; positxous as in 
Fig, lO ; one of the benzene 
rings parallel and the other 
perpendicular to the direc- 
tion of the carbon chain. 


cases of linkages which fall under cme A* wuU execute osdllations about 


p<^tion A o. 


Up to now vre have worked only with CH. CHt. etc., groups and not with 
individual H atoms. We might continue this practke» and we must then say 
that the distance between the CH gpoujps of the benzene radical attached 

to carbon atom z, for example (in position'Aoor Ac) is only about 2*6 A. away 
from CH group 4, so that these two groups wilt exhibit a strong repulsion. 

a 
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B. The phenyl groups attached to the second and fourth carbon 
atoms are situated on the same side of the carbon chain. Since the 
distance between carbon atoms 2 and 4 is only 2^54 A,, all orientation 
leads to repulsion, but that in which the benzene rings both lie perpen* 
dicular to the direction of the carbon chain, to the smallest extent. 
One might imagine that the angle at carbon atom 3 would be forced to 
greater values than IIO® by this repulsion. In the completely stretched 
state, however, the second and fourth carbon atoms are still A. away 
from each other, so that with parallel orientation the phenyl groups 
still repel each other slightly. In this latter case the energy content of 
this grouping would be strongly positive because of the energy necessary 
for the widening of the angle at carbon atom 3 (this ener^ would be of 
the order of magnitude of IS kg. cal., while the repulsion would add 

3 to 4 kg. cal. more). 

C. The phenyl groups attached to the second and sixth carbon 
atoms are situated on the same side of the carbon chain. The position 
in which the benzene rings lie parallel to the carbon chain leads here 
also to a repulsion, since the distance between the closest CH groups 
is only 2*58 A. If both benzene rings are oriented perpendicular to the 
carbon chain, they attract each other (binding energy about l*l kg. caL), 
while the most favourable position is that in which one benzene ring is 
perpendicular and the other parallel to the carbon chain (binding energy 
about 2*5 kg. cal). This position is, however, unfavourable as regards 
the phenyl group attached to the intermediate carbon atom 4 (see 
under A). 

Summarising, we come to the conclusion that when the aliphatic 
carbon chain is similar to that found in the solid paraffins, the most 
favourable position of the phenyl groups is that in which they lie alter- 
nately to the right and to the left of the chain and perpendicular to tlu' 
direction of the chain. This is, however, only possible when the otlaT, 
equally possible stereoisomers cannot be formed during polymerisation. 
If these latter are formed, and if the chain form is also retained, then 
the benzene rings certainly lie perpendicular to the direction of the 
chain, and a weaker spot occurs at that point in the chain. 

16 . Positions of the Benzene Rings in Polystyrene, Assuming 
Another Structure of the Aliphatic Carbon Chain. 

Another possibility is, however, that when the two phenyl groups 
on carbon atoms 2 and 4 lie on the same side of the chain, the chain 
will take another form. If one rotates the groups attached to carbon 
atom 3 about the line joining 2 to 3 by iSo®*, for example, the configura- 
tion of Fig. 20 results. In this case the groups attaclicd to carbon atom 

4 will be repelled by the two H atoms on carbon atom f, but in any case 
the benzene ring will again take up a position perpendicular to the 
direction of the chain. 

If only these of all possible stereoisomers should occur one might 
imagine a chain as in Fig. 21. The benzene rings would certainly all 
be p^pendicular to the direction of the chain (the closest CH groups 
are then about 3*5 A. apart) so that a strong attraction prevails be- 
tween the phenyl groups ; the intermediate CIL groups, however 
exercise a strong repulsion), » o r » » 

C/. H, A, Stuart, MolekHlstruhiut, Berlin, 1934^ pp. 85, 86, 
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Another possibility may also be reviewed, m., that whereby the 
carbon chain is wound in a spiral, so that the seventli carbon atom 
comes above the first, etc. Because of the van der Waals reaction be* 
tween the members of the chain themselves, they will have a tendency 
to seek a mutual separation of about 4 to 4'5 A. The benzene rings 
must thep be perpendicular to the axis of the spiral. 



passible, in reality a posi* 
tion between the two here 
denoted is very probable. 

17, Cottdualoa. 

We may expect that various configurations of polystyrene occur due 
to the various possible stereoisomers in different parts of the carbon 
chain. Common lo all these configurations, however, will be a preference 
of the benzene ring to take up a position perpendicular to the carbon 
chain, or at least to execute oscillations about equilibrium positions, 
in which the benzene ring is perpendicular to that direction. If we 
remembcT that the polarisability of benzene in the direction perpendic- 
ular to the plane of the ring is only about half that in the plane of the 
ring, wc sec that an anisotropy will be present in the polystyrene chain, 
which will completely dominate that of the carbon chain itself. The 
carbon chain itself would cause an anisotropy such that the polarisability 
in the dhtetion of the chain would be greater than in the perpendicular 
direction. Because of the benzene rings which lie perpendicular to the 
chain, however, the former anisotropy of the chain itself will be more 
than compensated for and we obtain the smallest polarisability in the 
direction of the chain, and therefore also the smallest index of refraction. 
In our opinion herein lies tlie explanation of the strongly negative double 
refraction caused by flow' of polystyrene,^^ which must be ascribed to 
the individual polystyrene molecules.^ 

** R. Signer, Z, physihal. Chem. 1950, 150A* 257. 

^R. Houwink, PhysiMmh Ei^schafkn und F^nlmu t/OM und 

Kmstharxm, 1934* PP* * 55 . *^ 5 * 
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Summary. 

PART I. 

The question of the mutual orientation of molecules under the induence 
of van der Waals' forces is discussed. In general there are two opposing 
factors, namely : the tendency of the atoms to gather as many hieighbours 
as possible, and the anisotropy of the polarisability. The first of these 
tendencies practically always dominates over the second. This fact is 
illustrated with reference to two benzene molecules. In the calculation 
of the reciprocal energy in the equilibrium state, good results are by chance 
obtained when use is made of the approximation formula of Ix>ndon or 
of Kirkwood and Slater, and when the influence of the repulsive forces is 
neglected. The sublimation energy of benzene, for example, may be 
satisfactorily calculated in this way. 

PART II. 

The theoretically calculated value of the tensile strength of common 
salt is very much greater than the value found experimentally. In the 
theoretical calculation the influence of the van der Waals forces has been 
thus far neglected. Wlien this is not done, the theoretical value obtained 
is still much greater, about 400 kg, /mm**. If a secondary structure is as- 
sumed, such as has been proposed by Zwicky, and if it is likewise assumed 
that there are no electrostatic forces of any description between the 
** blocks/' the value obtained for the theoretical tensile strength is still 
much too great. In this case the value obtained is > 20 kg. /mm,*, while 
the experimental value is 0*6 kg. /mm.*. This low experimental value 
must be ascribed to a notch eflect arising from defects in the lattice, and 
not to a regular secondary structure. 

In the case of artificial resins of the phenol-formaldehyde t>q)e and the 
w-cresol-formaldehyde type similar relations between calculated and 
observed values are encountered. If such an artificial resin is completely 
polymerised throughout its whole mass and all the C— C linkages possible 
are actually formed, the theoretical tensile strength may be c^culated to 
be about 4000 kg. /mm.*. If (irregular) ** blocks are assumed in this 
case also, and if these blocks are assumed to cohere only by means of van 
der Waals forces, then the theoretical value of the tensile strength is about 
> 35 kg. /mm.*. The experimental value is, in this case as \^th sodium 
chloride, very much smaDer, viz,, about 7-8 kg./mm.* for the phenoMormal- 
dehyde resin, so that here also an influence of a notch eflect is probable. 
On the other hand, in the case of weH-oriented cellulose derivatives, the 
correct order of magnitude for the tensile strength may l)e obtained by 
theoretical calculations. 

Young's modulus of elasticity is also dependent on the van der Waals 
bonds present in the artificial resin. 


PART III. 

The potential curve for the bond between two benzene molecules is 
examined on the basis of the effects due to the individual CH groups. 
When the minimum lies at 3*5 A., the energy content at a separation of 
3*2 A. is only slightly negative, while at 3*1 A. repulsion is already 
so great that 3 to 4 kg. cal. would be necessary to cause the molecules to 
approach to within this distance. 

The relative positions of the benzene rings in polystyrene are m- 
vestigafed, and the conclusion may be drawn that there will be a preference 
on the part of the benzene ring to lie perpendicular to the direction of the 
aliphatic carbon chain. This makes understandable the strongly negative 
double refraction caused by flow. 
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Many thanks are due to Mr. G. Heller for his valuable suggestions 
concerning Part L Part II. owes its existence to several discussions 
with Dr. R. Houwink, and I am greatly indebted to him for his kindness 
in putting his experimental %ures at my disposal. 

{Naiuurkundig Laboratarium der N. V, Philips^ 

Gloeilampenfabrieken, 

Eindhcven-Holland.) 


GENERAL DISCUSSION 


Professor E. Leimard^Jones (Cambridge) said : While 1 agree that 
Van der Waals" fields play an important r61e in the phenomena discussed 
by Dr. de Boer atid that it is very desirable to estimate their magnitude, 
I should like to ask the author whether he thinks the theory sufficiently 
developed at present to make reliable quantitative calculations. I think 
the formula given by London was intended only for spherically S3naimetrical 
systems and even for them it is only approximate, \\lule it gives the right 
order of magnitude for the inert gases, it is not yet certain that there is 
not an error by a factor of two. But the error may be greater in the case 
of aromatic molecules owing to their lack of symmetry and to their special 
electronic structure in that they contain “ non~kx:alis"ed " electrons. Is it 
not likely that these will require special treatment ? 

Professor H, Staudlnger (Freiburg i. Br.) said : The question whether 
in the polystyrene molecule, the single styrene molecules are linked accord- 
ing to formula i or formula 2 is answered in favour of formula i by the 
following experiments : ** 

i I ! 1 ■ • (I) 

C,H. C.H. C.H, C.H, 

CH,— CH,— CK—CH— CH,-~ 

i I i ! . • (2) 

HsC, C.H, HA QH. 


Polystyrene, as is well known, depolymerises very easily, reforming chiefly 
the monomer* but also some dimer, trimer and higher polymers. The yield 
of the latter products can be increased by performing the depolymerisation 
i» mcu0. The formula of the dimer is 

CH» 

! 1 .... ( 3 ) 

C.H. C.H. 

and that of the trimer 

CH,= C~CH,— CH— CH,— C H , 

i 1 i , . . . (4) 

C^Ha 

It follows that formula 1 and not formula 2 must be attributed to poly- 
styrene. I'ecomposition products which should occur in the decomposition 
of a product of the formula 2 could not be obser\^ed. 

However, as was originally supposed, the constitution of the polysUmnes 
is more complicated. According to viscosity measurements, products 
prepared with the aid of catalysts have the constitution of formula r, for 
m this case determinations of molecular weights crj’OScopically and by 
viscosity measurements agree well. The end groups" of these molecules 
remain* bou’^ever, unknown. The melb- and eucolloidal polystyrenes 

^ Compare H. Staudinger and A. Steinhofer, Annakii, 1935. 35- 
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obtained by heat polymerisation have a more complicated structure than the 
hemicolloidal ; the molecular weight determined by the viscosity method is 
smaller than that given by Svedberg's method,** and by the osmotie method^** 
In this case unknown branching must have occurred in the formation of 
the high polymer. By increased temperature of polymerisation these side 
reactions take place to a greater extent. For this reason it will be difficult 
to make final calculations on the relations between the size of the molecules 
and the tensile strength, unless the structure of the molecules is previously 
elucidated. 

Professor K. H* Meyer (Genkve) said: De Boer has calculated the 
modulus of elasticity of an artificial phenol-formaldehyde resin with only 
primary valencies. The value of ii,ooo kg. /mm.* found is far beyond the 
observed value. 

Lotmar and I recently calculated the modulus of a cellulose-chain 
according to our spacial model, taking into account both the valency- 
oscillations and the deformation-oscillations (Knickschwingung) , The 
calculated value was xo,ooo db 2000 kg./mm.* We measured the modulus 
of well-orientated natural cellulose fibres by an acoustic method, and found 
that all the fibres tend to a value of about 1 1 ,000 kg. /mm . * This experiment 
is certainly the most direct proof in favour of the primary valency chain 
formula of cellulose. 

Dr. J, H. De Boer {Eindhoven), said, in reply to Professor J. E, Lennard- 
Jones : It is perhaps possible that some other attractive forces are present 
in the reciprocal action of two benzene molecules ; indeed benzene mole- 
cules are not directly comparable with inert gas atoms or with aliphatic 
hydrocarbons, as they have one electron per C-atom left. But, on the other 
hand, we see that the same procedure which leads to the right order of 
magnitude of the heats of sublimation of the inert gases, hydrogen, oxygen, 
nitrogen, aliphatic hydrocarbons and the like, leads to the right value for the 
heat of sublimation of solid benzene. 

In reply to a question by Dr. J. R. Katz : The distance of 10 A. in 
polystyrene resulting from the X-ray investigations of Dr. Katz has puzzled 
me too. Perhaps it is related to a distance between two difierent poly- 
styrene molecules in a special direction. In every case my .steric fonnulae, 
supplementing the formula of Staudinger and based upon it. allow the 
distance of 10 A. to the same extent as the formula of Staudinger does. 
There are no arguments in favour of the formula : — 

II ! I 

In addition to the arguments in favour of the common formula : — 

1 

L CeH, }n 

given above by Professor H. Staudinger, I mention the absorption spec- 
t polystyrene which is identical to that of aathyl benzene. 

TBe remark of Professor K. H. Meyer is very \ ahiabl6 ; it shows that, 
as ^so in the case of the tensile strength, the experimental values found with 
cellulose fibre fit very well with the values given by theory. 

** Compare this voL, No. 18 (R. Signer). 

** Compare this voi, No. 6 (H. Staudinger). 

♦ J. H, de Boer, R. Houwink and J. F. H. Custers. Hec. chim. I\ R., ign. 
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POLYMERS AND POLYFUNCTIONALITY. 

By Wallace H. Carothers. 

Received I 2 th July^ 1935, 

I. Definitions. 

The importance of polymerisations is indicated by the title of the 
present program, and it is a curious fact that little agreement exists 
concerning the accepted meaning of this term. Text-books, dictionaries, 
and even recent publications by original investigators,^ generally state 
that a monomer and its polymer have identical compositions, and a 
corollary is that polymerisation consists in pure self-addition, and is 
peculiar to unsaturated compounds. But it appears that not one of these 
conditions is necessarily satisfied by reactions that are universally re- 
cognised to be polyuierisations. Moreover there is little relation betvv’een 
actual usage and text-book definitions. 

An accepted polymerisation is the transformation of formaldehyde 
into polyoxymethylene. The process under some conditions perhaps is 

xCH^O ^ {CH2O),, 

and under others ^ 

^ HO— (CHg— 

In the latter case for moderately small values of x the composition of the 
polymer will be very different from that of fonnaldehyde : at large values 
of X the difference may be questionably detectable, but the question, of 
course, is one of fact not definition. 

Turning to the mechanism of the process, there are various con- 
ceivable possibilities, such as : 

1. The polymerisation of perfectly pure and dry formaldehyde might 
involve opening of the carbonyl bond giving free mdicals — CH^ — ^0 — 
whose mutual combination would result in a long chain, 

3 , In tlie presence of traces of water, we might have first 

H0H + CHs«:0 — > HO— CHg— OH, 

a manifestation of formaldehyde's very strong tendency to add ROH. 
The product here is also ROH, and reaction therefore proceeds 

HO-CH^-OH + CHa=0 — > HO— CH^— 0— CH*— OH, 

and further similar steps finally lead to a very long molecule.* 

3. In aqueous solutions formaldehyde is largely present as hydrates 

HOCHjOH, HOCH^OCHaOH, etc. 

Staudioger, Die hoehmolekularen <ytgafiisihen Verbindungen, Julius 
Springer, Berlin, P* 

* C/. Staudinger, he. cit., p. 3:55. 

® C/. Staudinger, ref. i, p. ro. 
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Polymer is formed by adding strong acid to such solutions. The reaction 
might be 

HOCHgOl H + HO lCHaOl H+ H^ CHgOH ► HOCHjOCHflOCHaO— 

Le.. an intermolecular condensation or dehydration. 

Further peculiarities are illustrated by polyesters where all of the 
following transformations can be realised in one case or another.^ 



In many cases the acid can be converted into a polyester under condi- 
tions w^here the monomeric lactone C is known to be stable. Moreover, 
it is then often possible by titration to show that a terminal carboxyl 
group is present in the ester product in the expected amount. The 
reaction involved is clearly one of condensation (not self-addition of an 
unsaturated or cyclic intermediate). Nevertheless, it seems scarcely 
reasonable or practical to argue that the product is not a polymer. For 
one thing, such polyesters can generally be transformed under appropriate 
conditions to the corresponding cyclic monomers (lactones), and the latter 
can be reconverted to products practically indistinguishable from 
In this case the reaction must consist essentially in self -addition. We can 
hardly say that a compound of the type B i.s a polymer if formed by one 
method, but not if formed by another. Moreover, there are some cases 
S-lactones and lactide) where transformation between B and C 
occurs so readily that it is difficult or impossible to know which one is 
the product first formed from the acid. Similar confusion occurs with 
many reactions involving formaldehyde : it is often in^possible to know 
whether products arise by direct intermolecular dehydration of a methylol 
compound or by self-addition of an intemiediatc methylene compound. 

Further illustrations might be offered, but these perhaps are sufficient 
to show that : the composition of high polymers is not necessarily iden- 
tical with that of the supposed parent monomers ; polymerisations that 
appear superficially to involve only self-addition may involve prelim- 
inary hetero additions, and then actually proceed iis condensations (or 
the reverse may be true) ; polymerisations are in any event not peculiar 
to unsaturated compounds (keeping in mind, for example, cyclic anhy- 
drides, esters, acetals, and certain ethers and imines). 

It is obvious that definitions need to be revised. It will not suffice 
to insist merely that usage is frequently wrong. The unfortunate effect 
of existing discrepancies becomes especially apparent when one reads 
that a resinification reaction (between an aldehyde and a phenol) doubt* 
less proceeds through an unsaturated monomeric intermediate, because 
polymerisations are peculiar to unsaturated compounds. 

Polymerisations are a special class of reactions, but just how are they 
distinguished from other intermolecular reactions ? Conventionally, 
they involve the mutual combination of a number of similar molecules, 


* toothers. Dorough, and Van Katta, J. Am, Chem, 
toothers and Hill, ibid,, 1559 ; Hill and toothers, ibid, 
Spanagel and Carothers, ibid., 1935, 57, 929, 


Soc„ 1932 , B4f ; 
J 933 » m , 5031. 5043 : 
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but this is not sufficient r the formatioii of diethyl ether is not polymerisa- 
tion, and besides we already find references to mixed or hetero-poly- 
merisations where the participating molecules are not all alike. 

In the writer’s opinion, the essential peculiarity of polymerisations is 
realised in the statement that they are intermolecular combinations 
(conventionally, self-combinations) that are functionally capable of 
proceeding indefinitely (or leading to molecules of infinite size). This 
may, in fact, be taken as a definition. By way of illustration, referring 
to the formaldehyde reactions outlined above, it is obvious that, regard- 
less of which of the suggested mechanisms if any may be correct, the 
functional possibilities are such that any given number of formaldehyde 
molecules might be combined into a single molecule. The same possi- 
bility exists generally with 

(a) unsaturated compounds, 

{b) cyclic compounds and 

[c) polyfunctional compounds generally as, for example, X-R-y where 
X and y are capable of mutual reaction. 

The compounds formally capable of polmerisation then are all poly- 
functional compounds. Practically the functions must be such as to 
permit mutual combination, and polymerisation will then fail only in 
those relatively rare cases where reaction is exclusively intramolecular. 
A double bond or a reactive ring will count as a double function. 

We may note then that polymerisations do not involve a single 
unique type of reacti^dty : they are for the most part merely ordinary 
reactions made manifold by polyfunctionality, and thus made capable 
of indefinite continuation in one, two, or three dimensions. But the 
functions and the mode of their action are generally the same as those 
already familiar in simple uni -functional compounds (though addition 
polymerisations of unsaturated compounds certainly present some 
special peculiarities). 

2. Ttie Peculiar Significance of Polymers; Granular Polymers 
and Polymerisations in Living Organisms* 

The most important peculiarity of high polymers is that they alone 
among organic materials manifest to a significant degree such mechanical 
properties as strength, elasticity, toughness, pliability, and ha-^dness.* 
Weight for w^cight cellulose and silk are stronger th^ steel ; rubber 
exhibits a combined strength and elastic extensibility that is not even 
remotely approached by anything in the inorganic world while diamond 
is harder than any other material. The practical uses of high pol 3 miers 
depend almost entirely on these mechanical properties : our clothing 
and furniture and much of our shelter are made of such materials. The 
names cellulose, wool, rubber^ and silk surest at once the great im- 
portance of the non-chemical uses of natural high polymers. 

Probably the bulk of the organic matter in living beings is made up 
of high polymers. The necessity for this lies in 3ie fact that living 
organisms must have physical form and coherence, and polymers are the 
only organic materials capable of supplying these properties. The 
variability of living matter also requires a high degree of structural 

* Cf, Meyer and Mark, D^r AMfbaH44r kackpofym«rm ^rganisch^n Naiufshfffi, 
Akadenusche Yerlags g^Uschaft. xp^o. 
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complexity, and the possibilities of high polymers in this connection are 
indicated by Fischer’s well-known calculation that 20 different amino 
acids may form 2-3 X 10'® different polypeptides of 20 units. Another 
pertinent fact is that the physical properties of high polymers are pro- 
foundly affected by their physical history : the melting-points of certain 
polyesters can be reduced several degrees by the mere application of 
stress and their strength in the direction of stress is at the same time 
increased many fold. Finally, reactions of polymerisation also appear 
to be uniquely adapted to the chemistry of vital growth because they 
are the only reactions that are capable of indefinite structural propaga- 
tion in space. 

Curious analogies with vital growth are found in granular polymerisa- 
tions which have as yet received very little published attention, although 
a few observations on chloroprene in this connection have already been 
described.® 

If we place a few grams of liquid chloroprene in the bottom of a long 
tube together with a little catechol to inhibit polymerisation, chill the 
tube, pump it out thoroughly and seal the top at the lamp, the tube may 
be allowed to stand upright for weeks without the appearance of any 
change. But if we concentrate a strong beam of light on a small spot 
at the top of the tube, a minute speck of white solid will appear within 
a short time. The light may then be removed : the speck will grow to a 
cauliflow^er-like mass at the expense of the vapours and thence of the 
liquid monomer until the latter is exhausted. The polymer on super- 
ficial inspection seems to be a mass of globules or cellular crystals, but 
X-ray examination reveals no crystalline pattern. The growth of the 
mass apparently occurs at different rates in different directions. Some- 
times lateral growth is more vigorous than vertical, and the mass \vi!l 
then burst the walls of a ver>" heavy tube, although the total volume of 
polymer is only a fraction of the available space. Any fragment of the 
granular mass w^hen placed in fresh chloroprene liquid or vapour will act 
as seed around w^hich further growth occurs. The viability of the m;iss 
as seed will usually persist on standing in laboratory air for several days, 
but finally it is lost. Similar observations can be made with butadiene 
and other materials. The analogies of this process with vital grow’th 
are obvious. The process may be labelled heterogeneous autocatalysis, 
but the mechanism of the catalytic effect is obscure. Reactive centres 
in the sense of free radicals are scarcely admissible, since the viability 
persists in air, and for various reasons neither adsorption nor solution 
seems to offer an adequate explanation. 

Many different types of synthetic polymers can be made, but no 
naturally occurring polymerisation has yet been exactly simulated. Why 
should we not be able to synthesize cellulose, or proteins, or rubber ? 
We can make innumerable members of each of these types : polyacetals, 
polyamides, and polyprenes. We can even make polyprenes that equal 
natural rubber in strength and clastic extensibility and are superior to it 
in many other respects, but the method (t.e., the polymerisation of 
chloroprene) is as yet subject only to empirical methods of control and 
not to rational methods based on completely elucidated theoretical 
principles. Besides, this goal has not yet been approached starting from 
isoprene, and it is not at all certain that nature builds up rubber directly 
from isoprene : she might, for example, start with methyl-n-propyl 

« Caxotheis, Williams, Collins and Kirby, J. Am. CHem. Soc., 1931, 53, 4214. 
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ketone and carry out a selective condensation polymerisation completely 
evading the diene intermediate. 


-C=: |Q -f Ha jCHCHaCHtCj O + Ha lCHCHgCHgClO + etc. 


CH, 


CH, 


CH, 


The synthesis of proteins raises a different set of questions, a-amino 
acids (or their esters) can be polymerised directly in vitro, but the 
product is usually the cyclic dimer (diketopiperazine). But in the 
organism, cyclisation apparently does not occur : reaction is exclusively 
intermolecular and a linear polyamide results. Generally speaking, 
cyclisation and chain formation represent two paths, the choice between 
which is determined almost completely by the nature of the initial 
reactant (especially its unit length).’ 

The conditions in vitro presumably are the normal ones of chance, 
//both reactions follow the same mechanism, we can say that in a com* 
pound of the type NH2CH2CONHCH2COOH, intramolecular approach 
of the terminal groups is more frequent than intermolecular (which 
means cyclisation in vitro), but in the organism the probabilities are 
reversed and chain formation occurs. How can this be ? Temperature 
and moderate dilution have small control over such matters, and perhaps 
then in the wTong direction. But if reaction is preceded by adsorption 
at an interface, as it might be biologically, the molecule is no longer free 
to assume its spatially probable configuration. Its head, tail, and middle 
are fastened to a surface and the only terminal approaches then possible 
may be intermolecular. This picture is not here proposed as a solution 
of the mechanism of protein synthesis : it is introduced rather as an 
interestingly conceivable possibility, but especially for the purpose of 
emphasising the following points : ring formation and chain formation 
arc the two altcniatively possible results of eveiy^ bifunctional reaction ; 
complete control over these alternatives is possible only by bringing the 
end«^ of the molecules together or separating them at will j the only 
apparent prospect of achieving this result lies in the use of surface 
forces ; reactions in vivo probably occur largely at surfaces ; and in any 
event the effect of surfaces on bifunctional reactions presents an almost 
completely unexplored field (except for the interesting preliminary^ work 
of Freundlich and of Salomon).* 


3. Polyfunctionality. 

Polymerisations generally may be divided into those that arc bi- 
functional and those of higher orders. We may take mi hydroxy acid 
as an exam]>!e of the bifunctional type : 

HORCOOH + HORCOOH HORCOORCOOH + HjO. 

The tw^o reacting molecules are monoraers ; tlte first product is a dimer, 
since it contains two structural units. At this point, half of the initial 
functional groups have disappeared; similarly, it is evident that the 
formation of twH> ester linkages (trimer) will involve 67 per cent, reaction, 
a tetramer will correspond with 75 per cent, reaction, etc. In general, if 

^ Carothers* J. Chtm. Soc.^ 254 S ; Hill and Carothers, 

1933* 5S» 5023 - 

» Hfh, Ckim. Acta, i934t *7^ 
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p is the degree (fraction) of reaction and x is the average degree of 
polymerisation, 

(■) 

The following values are further illustrative : — 

p o 0*5 0-8 0-9 0*95 099 0*999 

X 1 2 5 10 20 100 1000 


The average molecular weight rises very steeply with increasing degree 
of reaction beyond 0*95, and hence it is not impossible (as some authors 
maintain) to obtain very large molecules from condensation polymerisa- 
tions. If p should reach one the molecular weight would become 
infinite. 

As a hypothetical example of a more highly polyfunctional reaction, 
we may take an acid R(C00H)4 and consider the result of intermolecular 
anhydride formation. We assume that the structure and conditions 
are such that no intramolecular reaction occurs at any stage. Repre- 
senting the acid by the anhydride would be 

. . . A2 -- A‘-^ - A2 A2 -- A- - A2 


etc., where the superscripts indicate that each unit bears two unreacted 
carboxyls. Hence when all of the molecules have been combined into 
one (and no further intermolecular reaction therefore can occur) only 50 
per cent, of the initially present functional groups have disappeared, 
p = 0*5. The formation of branching chains of course does not affect 
this conclusion. 

A general equation relating degree of reaction, polymerisation, and 
functionality can be developed. 


Let / == degree of functionality (f.e., number of functional 
groups per monomer molecule). 
iVg = number of monomer molecules initially present. 

Then iVo . / = number of functions initially present. 

N = number of molecules after reaction has occurred. 

2 {Nq — iV) = number of functions lost. 

2iNn — N) 

= fraction of functions lost = extent of reaction. 


Obviously, ~ • 


average degree of polymerisation =: x. 


Hence 


(2) 


2 

/ 


2 

x.f 


= p = degree of reaction. 


This equation has interesting applications. If we heat together a 
dibasic acid and a glycol, a linear polyester is formed. As the reaction, 
measured by the disappearance of acid progresses, the average molecular 
weight rises, presumably in accordance with equation (2). Reaction 
becomes exceedingly slow after it is 99 per cent, complete, and the 
calculated molecular weight approaches 15,000 to 20,000, But no 
matter *how far the reaction is carried under normal conditions, the 
product is both fusible and soluble. 

If in a similar manner a dibasic acid is heated with glycerol, one 
observes at first that the viscosity of the mixture changes only slowly as 
reaction proceeds, and then it rises to infinity while much of the acid 
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remains still unreacted. The product is completely infusible and 
insoluble* 

Obviously, bifunctional reactions can yield only linear polymers ; 
and there is evidence among such polymers that solubility and fusibility 
are not lost even at very high molecular weights. But reactions of 
higher ordeis always present the possibility of spreading out in three 
dimensions. 

Returning to the anhydride symbolised above as 

. . . - --- A2 ~ A2 - -- A* - . . . 


let us suppose that the chain is lOO units long, and bears 200 carboxyl 
groups. Such a molecule could easily be soluble and fusible. If further 
intermolecular reaction occurs, the chain must become cross-linked. 
Obviously, when 2 carboxyls have been lost from each chain, all the 
chains will be locked into a single molecule. This involves the loss of 
I per cent, of the remaining carboxyls : and it will certainly be accom- 
panied by the disappearance of fusibility and solubility : a gram of 
matter cannot exhibit the kinetic behaviour of a single molecule. 

Referring again to formula (2) if x is very large the second term dis- 
appears, and we have p = 2// which tells at what degree of reaction the 
molecular weight will become infinite, or where, in polyfunctional re- 
actions, gelation will occur and intermolecular reaction cease. 


For a bifunctional reaction p = 



I, and since this value never can 


actually be reached, gelation will not occur. For a trifunctional reaction, 
the limit will lie at for a tetrafunctional reaction at We 

may note in passing that for this reaction at = 100, p = 49*5 per cent. ; 
thus the average molecular weight will suddenly change from a moderate 
to a colossal value with ver>^ little change in the extent of reaction : and 
so far as the utility of the formula is concerned, it is not important 
whether the transition in properties occurs at a molecular weight of 10* 
or 10^^. 

In attempting to apply formula {2) the chemistry of the situation 
must, of course, be taken into account. A double bond will count as a 
double function only if reaction is exclusively intermolecular at every 
stage. Multiple function compounds often do not exercise all their 
functions together. In the fonnation of polyprenes from dienes, only 
the I, 4-positions of tlie latter are at first called into play. The remaining 
doable bond of each unit functions under slightly different conditions to 
cause cross-linking. Acetylene w^ould be a tetra-functional compound 
and probably behaves as such in the formation of cuprene. In the 
formation of divinyl acetylene,® CH^«CH—CbC— -CH^CH g, only half 
of its unsaturation is involved. This material again in the early stages 
of its thermal polymerisation behaves like a bifunctional compound 
yielding, for example,^® 


e5C-~CH- CHg 




H-C»C-CH*=:CH, 


but gelation usually occurs long before all of the divinyl acetylene has 
reacted. 


• Nieuwland, Calcott. Downing and Carter, /. Am. Chtm. Soc., 1931, 53, 4197. 
'“Cupery and Carothers, /. Am. Ch*m. Soc., 1934. I*®?. 
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Perhaps a majority of the reactions to which equation (2) would be 
applied are of the A— B type involving two reactants of complementary 
function. It is evident that if each reactant is bifunctional, A®B®, the 
reaction as a whole will be in effect bifunctional : A®B® is trifunctional, 
etc. But if A and B have a different number of equivalents per molecule, 
the situation is more complicated. We can distinguish two different 
possibilities : 

(a) Suppose that on the average every coupled molecule of A involves 
also the coupling of an equivalent number of molecules of B ; then the 
degree of functionality is the average number of functions per molecule 
of the two reactants when they are taken in equivalent amount. Thus 
in the reaction of glycerol and phthalic anhydride (A*B®) we have to 
take 2 moles of glycerol and 3 of the acid, or 5 altogether, containing 

2 

12 equivalents and f — y ~ 2 ’ 4 . Then at * = 00, p = and the 

2*4 

limit of the reaction will be ^ (83*3 per cent.). This, in fact, represents 
the fnaximum amount of reaction that can occur before gelation under 
any distribution of combinations, provided only, of course, that the 
reaction is all intermolecular.^^ 

{b) Another extreme possibility is the following : Suppose the glycerol 
behaves at first as though it were bifunctional yielding a chain 

A' -- B - A' ~ B -- A' B -- A' B ^ 


( ' indicates unreacted hydroxyd). Then all of the molecules of glycerol 
could be combined into one with the loss of only | of the functional 
groups (of course ^ of the phthalic anhydride remains entirely im- 
reacted). Here /— 3 and 667 per cent, is the minimum extent of 
reaction compatible with gelation. Experimental values found by 
various investigators for the extent of reaction at gelation generally lie 
between 75 and 80 per cent.^® 

Reactions of polymerisation involving degrees of functionality run- 
ning into the hundreds or thousands arc undoubtedly of great import- 
ance. The vulcanisation of rubber is an example. The preponderance 
of evidence lies in favour of the view that vulcanisation is the result of 
cross-linking through reaction at the double bonds. A conserv’^ative 
estimate of the number of double bonds in the average rubber molecule 
is 5000. Suppose the mechanism of vulcanisation is as follows r At 
some double bond :C=:C: + S > :C — C: , Sulphides of this struc- 

\ / 

S 

ture are known to be unstable, and further reaction might occur with a 
similar group in a neighbouring molecule, 


+ 


:C — C: 


:C — C: 

\ / 

S 


:C 

/ 

S 


\ 

:C 


C: 

\ 

S 

/ 

C: 


A similar plculation for the glyptal reaction has already been made by 
Bozza, GiOfn, chtm, %nd. af^ltcata, 1932, 14, 400. ^ ^ 

» Bozza, loc. cit^^ \ Kienle and Hovey, Am, Chem. Soc., 1929, 51, 509. 
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At a minimum then all the rubber molecules could be locked together 
when only 0-04 per cent, of the double bonds had disappear^, or 
about 0*02 per cent, by weight of sulphur had reacted. A good estimate 
for a probable maximum is difficult to make. Experimentally, the 
minimum amount of sulphur required for the beginning of vulcanisation 
is about 0*15 per cent. Staudinger and Heuer have shown that as 
little as 0‘0i per cent, of divinyl benzene in styrene will lead to the 
formation of an insoluble polymer. 

4. Molecular Weights and Molecular Weight Distributions* 

The peculiarities of high polymers are due to the fact that their 
molecules are very large. Estimates of molecular weights are therefore 
of the utmost importance, but they are veiy*' difficult to obtain. Direct 
osmotic methods present great practical difficulties. Staudinger has 
proposed to infer molecular weights from the viscosities of polymer 
solutions. There appears to be no doubt that, other things being equal, 
the viscosity of such solutions will increase with increasing molecular 
weight, and viscosity methods are unquestionably of great value as a 
means of providing rough estimates concerning the relative order of 
magnitude of molecular weights in a given polymeric series. But the 
absolute values inferred from viscosities are subject to a veiy^' large 
factor of uncertainty. An initial difficulty lies in the fact that no 
generally valid relation between viscosit>" and concentration in solutions 
of linear polymers has yet been established. Presumably some simple 
and general relation will be found to exist in solutions that are sufficiently 
dilute but possibly only at dilutions requiring a higher degree of experi* 
mental precision than is now generally available. {In theory, of course, 
extrcipolation to infinite dilution is always possible, but practically such 
extrapolations may also involve large uncertainties.) 

Aside from tliis there is one theoretical complication that has 

as yet received relatively little attention. High polymers are generally 
mixtures covering a wide range of molecular species. The properties of 
a polymeric mixture will depend not only upon tiie average molecular 
weight, but on the manner in which the different molecular species are 
distributed about the average. Moreover, as Kraemer and Lansing 
have recently sJiowti, it is possible to define various types of averages : 

Sftecificvdly, for example, there are the number average 

and the weight average where fi is the fractional weight of 

the constituent of molecular w'eight in the mixture, and the summation 
is applied to all the constituents. The number average is the con- 
ventional one : it is this that is inferred from osmotic methods or 
chemical measurements of end groups. But all the proposed viscosity 
relations w^ould give M^, 

If a material is homogeneous, and will be identical : but if 
we are dealing with a mixture they will generally be different. If we 
have 10 molecules of weight lOO and 5 of looo, A/„ is 400 but is 851, 
Thus a correlating factor for molecular weight vs. viscosity arrived at by 

Bruni, JRev. gen. CmutchoHC, 1931* 8 , No. 75, tg ; Stevws and Stevens, 
Sac, Ckcm. tnd,, *932, 51, 44T. 

i934^ 87, U64. See also 1935, ^ 

Physic, Ckcm., 1935 * 39 * ibj ; /. Am. Chsm, Soc„ 1935* 57 » ^^ 3 ^ 9 * See 
also Kern, Ber,, I935» 88* * 439 . and Staudinger, Heiv. Chim, Actu, i 9 Z 9 r *3, 941, 
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observations on a homogeneous material is almost certain to give erron- 
eous values when applied to a polymer. And unless the type (distribu* 
tion) of heterogeneity in all polymers is nearly the same, there cannot 
possibly be any exact generally applicable correlation between viscosity 
and molecular weight. 

As Kraemer and Lansing have pointed out, the Svedberg ultra- 
centrifuge provides the only means yet available for determining experi- 
mentally both the average molecular weight and the distribution in 
polymeric mixtures. But this method is not simple, and the apparatus 
is very costly, and hence experimental data are as yet extremely meagre. 

It is therefore a matter of considerable interest to make calcula- 
tions as to the theoretically probable distribution of molecular species 
in polymerisation reactions. Such calculations have been made by 
Dr. P. J. Flory of this Laboratory, and it may be worth while to give 
a brief indication of some of the results. 



The simplest case is the formation of a linear condensation polymer. 
Here we have a series of stepwise reactions 

A + A — A— A 

2A— A A— A— A— A 

A + A — A • — > A — A — A, etc. 

always involving the same functional groups. Whatever may be the 
general effect of viscosity on reaction rate, the inherent relative reactivity 
of a functional group will presumably be but little affected by the length 
of the molecule to which it is attached. If this assumption is correct, it 
IS possible to show that 

- xp^\i~p)\ 

where p is the extent of reaction and 11 ^ is the fraction of units present 
m A;-mers (which also equals very nearly, except for low values of p, 
the weight fraction of ^-mer). v* 

In Fig. I, Ilg. is plotted against x for various values of p. It is evident 

Unpublished results. 
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that we are dealing with a wide distribution of species. Certain relations 
are most briefly shown by means of an example. 

If we assume that the weight of the mer or unit is lOO, and reaction 
has been carried to 98 per cent, of completion [p == 0*98), then the 
number average molecular weight is 5CXX), and the maximum in the 
distribution curve also occurs at this point. But the nature of the curve 
is such that only 26 per cent, by vreight of the material has a molecular 
weight below 5000, while 74 per cent, has a weight at or above 5000. 
Moreover, 40 per cent, of the material has a molecular weight above 
10,000. Finally, the weight average molecular weight is 9900 or nearly 
twice the number average. 

Mechanical properties, such as toughness and tensile strength, 
certainly require the presence of very large molecules. But it is not at 
all certain that these properties w^il be improved by the elimination from 
a material of all fractions having low or moderately high molecular 
weights. In rubber and cellulose plastics the deliberate addition of 
small foreign molecules (plasticisers, lubricants, etc.) often has a very 
favourable effect on properties. It is probable that average molecular 
weights per se will furnish an entirely inadequate basis for the inter* 
pretation of those properties which are chiefly of interest in dealing with 
high polymers. The study of molecular weight distributions and their 
relation to properties thus presents a field which should ultimately 
be of great importance to the subject of polymerisation. 

GENERAL DISCUSSION 

Professor R. Signer {Bern) said : Carothers concludes that, in order 
to establish the properties of a highly polymerised substance, we must take 
into account not only the mean molecular dimension but also the molecular 
weight distribution. He suggests that polydispersity may chiefly be 
established by the use of the Svedberg ultra-centrifuge, but adds that it 
is essential that the experimental data are as yet extremely meagre. In 
this connection we obsen’e that recently^’ R, Signer and H. Gross in 
Svedbcrg*s laboratoiy^ conducted extensive experiments on the molecular 
weight distribution of polysterenes. It appears that determinations of 
polydispersity by measurement of sedimentation velocity can only be 
effecUsi in extremely dilute solutions. At large concentrations the fibre 
molecules are entangled or matted, so that, \vhether short or long, they 
move with equal velocity. It is also essential to use very intense centri- 
f ugal fields ; the se<iimentation process 
must be carried out so rapidly that 
the diffusion of the fibre molecules 
can be neglected. W ith S>^edberg's 
apparatus both the^ic conditions may 
reilily be fulfilled, 

Or.R. Houwink (Emdhoven) said: 

Formula (2) is only applicable to 
bifunctional reactions. It seems very 
questionable whetlier it can be ap- 
plied to polyfunctional reactions, as 
will be from Fig. 1. As soon 
as the two polymers, A and B, have 
reacted at the spots i and 4, each 
further reaction, between spots Fig. i. — T he functional groups are 
a and 5, or between spots 3 and 6, indicated by x . 

HAt\ Chim. Aciu, 1934, 17, 756. 
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^11 result in a further decrease of the number of functions, whereas no 
change in N or takes place. It does not therefore seem justified to 
say in such a case that the number of functions lost i$ 2 (A^o — Since 
formula ( 2 ) has been developed on such a basis, however, that formula 
cannot be right. 

Dr. H, B. Weiser (Hot4ston, Texas) said : If the term molecular weights 
is to continue to have any real significance, it should be restricted to its 
time-honoured use. In the colloidal s>^tems under consideration to-day, 
the particles are in many cases aggregates of poljmaerised molecules, and 
not individual ix»lymerised molecules. If the size-distribution in such 
systems is more or less uniform, determinations may be made of the so-called 
''molecular weights" by sedimentation methods. But in the case of 
aggregates it is the " particle w^eights " and not the molecular weights 
which is obtained by such methods. Using Zsigmondy's nuclear procedure, 
a large number of samples of colloidal gold may be prepared in varying 
particle size from extremely minute to relatively large. But in each 
sample the particle size is approximately uniform. Gold, therefore, may 
be made to have any “ particle weights " one pleases within rather wide 
limits. It seems absurd to say that gold has any number of molecular 
weights. Irrespective of whether we are dealing wdth relatively simple 
inorganic systems or with highly polymersed organic systems, it is suggested 
that the term " molecular weights " be applied only in its origin^ sense 
when the e\ddence indicates that we are working with the individual 
molecules ; and that the terra " particle weight " be used in cases of doubts^ 
or where the particles are knowm to consist of aggregates of molecules. 

Professor K. H. Meyer (Geneve) siiid : Dr. Carothers has spoken 
of the polymerisation of amino-acids, which in vitro give the cyclic dimer, 
and in vivo build up the long protein chains. He spoke of tlie possibility of 
polymerisation in vivo taking place on interfaces and l>eing influenced iind 
directed by fields of force in the cellular interfaces. I do not think that 
one ought to attribute this effect to the interfacial forces, which seem to bt; 
greatly over estimated by biologists. The interfacial forces in the organism 
must be somewhat small, owing to the presence of so many sul>stai>ces 
with interfacial activity, which lower the tension at the interfaces and 
reduce the interfacial forces. The forces in the cell interfaces cannot be 
compared with the forces at a carbon surface, but at the most with the 
forces in an oil-water interface. 

It seems safe to assume that the organism uses indirect chemical ways 
to guide reactions. It may be of interest, that a derivative of amino- 
acids, the cyclic anhydride discovered by Leuchs,^* 
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is really transformed into j^lypeptides of very high molecular weight, 
with liberation of carbon dioxide.^* We think that the organism may form 
the long chains by similar means. 

« 1906, 39. 857 : 1908, 41, 1721. 

K. H. Meyer and J. Go, Belv, Chim, acta, 1934, i 7 » 
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Professor H, Mark {Wien) said : Dr. Carothers' results, esf^ially 
those in Fig. i, where one finds the distribution of chainlength at different 
stages of reaction, are most interesting. The formula which leads to this 
figure is derived under certain suppositions. First, it was assumed that 
the chain may be built not only by addition of the saturated monomeric 
molecule, but also by mutual additions of chains, which have already 
reached a certain length. In fact, it is very likely that both kinds of 
reaction take place ; but it seems rather improbable that the rates of these 
two reactions are also equal. 

In any event, knowledge of the chain distribution at a given stage of 
polymerisation is of the greatest interest for the mechanism of reactions of 
this kind, and it is very important to have as many methods as possible to 
work out such a distribution curve experimentaliy. So far, this has only 
been accomplished in the well-kmnvn work of Signer on polystyrene by 
means of Svedlx^rg's ultracentrifugc. Dr. Carothers has a very extensive 
experience in dealing with high molecular substances ; does he know any 
other reliable method, whereby one could work out a distribution curve of 
the type shown in Fig. i. This seems to be especially important, because 
the iiltracentrifuge is a very expensive and complicated apparatus, which 
only exists in two different places in the world. 

1 would like to add, that there is some possibility of estimating the 
distribution of chains, if one takes in accemnt the different average types in 
determining the molecular weight of high molecular substances from the 
viscosity and from the osmotic pressure : these Carothers calls ** number 
average ” and " weight average ” d/*,, W'hen the tw^o methods lead 
io different results, there must be a rather remarkable difference in the 
length of the chains, contained in the sample. 

Professor H. Stauding;er {Freiburg i. Br,) said: Among the high 
molecular organic compounds, the compounds which are built up of 
macroinolecules, high jK>J>"iners arc of particular importance. Having 
regard especially to the different new experimental procedures in this field 
it is necessary to discuss the question of the nomenclature of these 
substances. 

.\1I high molecular weight products consist of raacromolecules of such 
size that the physical and chemical properties of molecules of approxi- 
mately equal structure and tnpial size differ so little that a mixture of 
these cannot separated into their components. The high polymeric 
materials consist of macromoltxules which represent a mixture of polymeric 
hotnologmis compemnds, i.e,, a mixture of niacromolecules which differ only 
in the degree of polymerisation. Hence, high polymeric materials are 
built up from one and tlie same basic molecule (*' GrundmokkuV") in such 
a way that numerous basic molecules are combined by primary valency 
bonds to form the macromolecules. In the case of heteropolymers, not 
only one Init stn^eral different basic molecules participate in the building 
up cd the high |xilymeric macromolecuie. The mixed polymers of 
styrene and maleic anhydride, etc., are heteropoljmaers,*^ Furthermore, the 
polyesters may he consklered as heteropolymers, since in their macro- 
molecules several basic units are combined in the same way. Thus, the 
polyesters obtained from succinic acid and glycol ivre built up of succinic 
anhydride and ethylene oxide. The above polytuers, with the exception 
of molecules which are rings of high molecular weight are. strictly speaking, 
not teal high j>olymers, sinctr tlie end groups of such molecules are built 
un in a different nianner from the chain, in wliich the atomic arrangement 
of the basic unit is repc^ated regularly** 

High piAytmmc materials can be formed in different ways. First, they 

^ \Vaguer*2Iaurcgg. Bar,, 1930, 63, 3^x3, 

In this case also it Is possible that tlve arrangement of the basic molecules 
in the chain is not regular, a.s is observed with polyox>methylene. (Compare 
Liebigs Annakn, 474* *3^)* 
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can arise by polymerisation of unsaturated compounds. In this case, as 
has been pointed out in contribution No. 6," one can discriminate between 
true polymerisation processes and condensation polymerisation processes. 
In true polymerisations the polymeric molecules possess the same atomic 
arrangement as is present in the basic molecule. In the condensation 
polymerisations, on the other hand, a shifting of atoms, e.g,, hydrogen 
atoms, takes place. High polymeric products can also arise from low 
molecular ring systems. Ethylene oxide can be transformed into poly- 
ethylene oxide, lactones into polyesters. Finally, the formation of high 
polymeric products can also take place by a poly condensation process in 
which numerous reactive molecules condense. Thus, the polyesters are 
formed from the esters of hydroxy acids by intermolecular esterification of 
numerous single molecules through loss of water, i,e,, by a process which 
cannot be designated as a polymerisation process, if one maintains for the 
latter the old definition. Following this definition, a polymerisation process 
is a process in which a substance of hiv molecular weight is transformed into 
a substance of equal composition but of higher muitiple molecular tveighl. 
Hence, polyesters should best be designated as polycondcnsation products, 
if one wishes to characterise their manner of formation. 

These questions of nomenclature may be further illustrated in the case 
of cellulose. This high molecular substance may be designated as “ high 
pol3nneric/’ since the cellulose molecule is built up of numerous similar 
basic molecules of glucose anhydride. However, if one wishes to emphasise 
the building up of cellulose from glucose or cellobiose, then cellulose is a 
polycondensation product of these saccharides. In the ciise of many high 
molecular substances there are special reasons which decide whether they 
ought to be considered as polymeri,sation or polycondensation products. 
The phenol formaldehyde resins, bakelite,'" can Iw designated as 

polycondensation products, since it is not certain that one and the same 
structural unit occurs regularly in the three-dimensional macromoleculcs 
of the resin. 

Dr. R. Houwink {Eindhoven) said : Is it the intention of Dr. C'arothcrs 
to distinguish in future between polymerisations and condensations ” 
^ heretofore ? Will the new definition of condensations then Ik : 
intermolecular combinations which are functionally capable of proceeding 
indefinitely with the elimination of elements or simple compounds ? 

Dr. W. H. Garothers (IVilmington), said, in reply to Dr. Houu ink : The 
application of formula 2 to the calculation of molecular sixe naturally 
involves uncertainty, since it depends upon the arbitrary asstimption that 
reaction is exclusively inter-molecular. This condition surely is not exactly 
fulfilled, especially in highly polyfunctional reactions where the calculated 
molecular weight is rapidly approaching infinity. The approximate 
validity of this assumption has, however, been demonstrated ex|x;ri- 
mentally in appropriate simple cases, and its use for illustrative purposes 
seems to be well justified. 

In reply to Dr. Weiser : The question of the relation between molecular 
weight and particle size i.s, I think, in many cases not capable of any 
simple solution, but for the simpler types of organic polymers it is possible 
to assign a definite and rather exact significance to the term molecule (as 
Professor Staudinger has done) and to demonstrate by chemical means 
that the chemical molecule is the osmotic particle under consideration. 

* The N- carboxy-anhydrides of the a-amino- 
acids discovered by Leuchs are indeed compounds of great interest. Atten- 
^on has already been drawn to the possibility that they may constitute 
intermediates in the protein synthesis. From this standpoint they are 
compounds that certainly deserve a great deal more study. 

In reply to Dr, Mark : Unfortunately, 1 am not aware of any chemical 
method for determining molecular weight distributions. Apparently the 

Compare also H. Staudinger, Ber., 1^20, 53, loSi. 
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only method yet available is that of the ultra*centrifuge, which, in connec- 
tion with lyophilic polymers, has lately been used for this purpose by 
Lansing and Kraemer and by Signer. 

Professor Staudinger's point of view has considerable historical justi- 
lication, but it presents certain logical and practical difficulties. Ap- 
parently it involves the necessity of making a distinction between polymers 
and real polymers and of admitting that polymers can be formed by 
reactions that are not polymerisation. 

The essentia] point of the conventional definition is that a monomer 
and its polymer iiave exactly the same conposition. But this condition 
is not in fact satisfied in many of the cases to w^hich the name polymer 
has become finnly attached. Professor Staudinger was himself the first 
clearly to recognise this in the case of the polyoxymethylenes. Neverthe- 
less he still refers to them as xKjlyraers and only occasionally adds that they 
are not so, strictly speaking. The determination of composition with 
sufiicient precision to demonstrate the absence of foreign terminal groups 
in very lung molecules is experimentally very difficult. It is possible that 
among such materials no ** polymers strictly speaking/' exist. But it is 
one of the aims of scientific terminology to permit one always to speak 
strictly, and this becomes impossible if definitions are formulated to include 
conditions that are not open to experimental test. 

As a matter of actual fact, chemists use the terms polymerisation and 
polymer without pretending to w'ait for evidence that reactions consist in 
pure self-addition, or that the condition of identical composition is satisfied. 
Thus, by implication it seems to l>e recognised generally that the char- 
acteristic and [xxuliar feature of polymerisations resides in something not 
compatible with the conventional definitions. The statements offered in 
the first section of the above paper constitute an attempt to indicate what 
is this characteristic and peculiar feature. 

In Diunectiou with Dr. Ilideal's interesting survey of the general field, 

I should like to raise one point. The term linear polymer ” was, I 
believe, first introduced in 1929, It was explicitly intended to include 
both open and closed chains. The necessity for this arises from the fact 
that the terminal groups may, in many cases be undetectable, even when 
they are present, and it is un^vise to include in a definition any conditions 
that are not subject to experimental test. 

It is true that liirge molecules are in some cases built up from small ones 
by reactions that apjx^ar, at least, to consist in pure addition, while in other 
cases they are formed by reactions that are demonstrably condensations. 
Staudinger proposes to call the latter type of reaction polycondensation 
(as Chalmers has also). This seems an appropriate term (perhaps it is 
better than condensation polymerisation which Staudinger prefers to use 
for another purxx)se), but I contend tliat we may as well give in to the logic 
of the situation and admit that such reactions constitute one type of poly- 
merisation : the products are iX)Iymers (Staudinger himself calls them 
such in his remarks alx>ve). Besides they can in many cases be smoothly 
depol>mietised to the corresponding cyclic monomers, and reversal of this 
process then yields a product which is often indistinguishable from the 
orignai polycondensation product. (These last remarks are also offered in 
reply to X)r. Houwink's second question.) 
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A certain number of polymerisation -processes— especially some or- 
ganic reactions of this kind — were thoroughly investigated many years 
ago.^ They owed this early interest to the fact that the products which 
they yield have some unusual properties, interesting from the point of view 
of pure science — and sometimes from that of industry as well. For a long 
time uncertainty prevailed about the kind of molecules of which these 
substances are composed, ordinary methods of molecular weight deter- 
mination failing to give an answer to this que.stion.® The insolubility 
and extremely low vapour-pressure of the polymeric substances make it 
impossible to determine their molecular weight in the gas-phase or in the 
state of dilute solution, and the size of their molecules can only be 
estimated by other, less reliable methods*^ In the course of years, how- 
ever, a conception arose, which presumed the substances in quest iojt 
to be built up of long chain-molecules. The exact length of the chains 
is supposed to depend on special conditions of polymerisation, but to 
be generally very great as compared with that of ordinary molecules. 
Methods have been devised for the determination— at least approxi- 
mately — of the molecular weight of such chain-molecules. The first 
qualitative investigations of the polymerisation-reactions are due to 
Anschutz, Auwers, Harries, Ostromysslensky, Willstatter and others.^ 
Latterly, this field has been systematically investigated by H. Siaudinger 
and W. Carothers. In his well-known monograph Vber die hochmole* 
kularen Verbindungen, Staudinger ^ collected a vast amount of material 
concerning the preparation and properties of these substances. Together 
with other investigators, he showed convincingly that polymerisations 
really yield products with long chain-molecules and a molecular W'eight 
up to many thousands. Analogous results have been obtained by 
Carothers,’ R. 0 . Herzog, K. Freudenberg, K. H. Meyer, H. Mark, 
and others, so that the chain -stmeture of the polymerisation products 
can now be considered as a fairly well-established fact.® The experi- 
ments showed, however, that polymerisation -products are not chemically 
pure substances ; in the sense that all their molecules are not exactly 

1 For instance, yon Anschiitz. Auwers. Osstrom>rssiensky, Perkin, and others. 

* Compare, for instance, the discusssions at the Naturforscherversammlung, 
Dhsseldorf. 1926; Ber,, 1926,56. 

® 5 >ee H, Mark. Chemie und Physik det Cellulose, Springer. 1932. 

‘See. for instance. Liebigs Annalen, 1891. 273, loi ; Ber., 1891, 24, 1935 ; 
190^, 35* 1186 ; 1905, 3S, 1979. 

® Summarised in the fundamental work : Die hochmolektdaren Verbind ungen, 
Berlin, 1932, Springer. 

^^llulose und Lignin, Springer, 1933 ; F:. H. Meyer 
and H. Mark, Hockmelukalare Verbindungen, I.^ipzig. 1931. 

’ For instance, J, Amer. Ckem, Soc,, 1929, 51, 2548 ; 1930, 52, 4110 ; 1932 
54, 314. 711, 4071, 4110, 5023. 

» A difierent view is held by K. Hess, Lehtbuch der Celhdosechemie, 192S, 
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identical. The chains are all built up on the same principle, but with a 
different actual number of chaindinks. Besides polymers of this kind, 
some polymerisations give products with properties indicating a wo- 
dimensional net-structure or a three-dimensional lattice rather than 
one -dimensional chains. Probably, in these cases, the chains which are 
at first formed are linked together in two or three dimensions by valency- 
forces. So far, however, it has not been possible to state definitely the 
mean size (or the distribution of sizes) of the molecules in such more 
complicated cases of polymerisation — ^as was found to be possible in 
the simpler case of “ one-dimensional structures. 

Considering the great amount of experimental evidence which has 
been collected in the endeavour to elucidate the nature and properties 
of the long chain-molecules, we think it timely to discuss more in detail 
the meclianism of the reactions by which chain-molecules are formed.® 

In this pa[>cr, we shall first give a short summary of the work already 
done in this direction and then try to bring forward some points of view' 
of our own. The object of our discussion will be the polymerisation of 
unsaturated organic molecules (with double or triple bonds) — i.e. of 
molecules \vhich are able to form chains by simple addition. We will 
thus postpone to a later occasion the discussion of so-called cattdensaiions^ 
— i.€, reactions in whicli the original molecules are saturated and lose 
a constituent part (for instance, HgO, NH3, etc.) in order to form a chain. 

1. Experimental Results. 

Whereas preparative investigations of the polymerisation-reactions 
have been very* numerous, only few of them contain any obser\^ations 
conceniing the kinetics of the polymerisation -process at all. As far as 
data of this kind can be found, they usually refer to a single preparation 
and are not a result of a systematic kinetic investigation.^® This lack 
of experimental material is probably due to the fact, that measurements 
of the velocity of polymerisation are by no means simple and require 
special precautions. It is, in fact, wrell Imowm that the velocity of many 
reactions of this kind is strongly diminished by the presence of minute 
traces of certain foreign substances. We shall show later that these 
substances act ;is “ anlicatalysts,” The industry is wtII aware of this 
effect and uses .substances of this kind as ** stabilisers ” for certain 
technical products. The stabilisers probably reduce the velocity of 
polymerisation by breaking reaction-chains. On the other hand, sub- 
stances arc knowm, which enormously accelerate the velocity of poly- 
meri.sations, oven when present in a ver>" small concentration. Such is, 
for instance, the action of sodium on butadiene, of oxygen on jS chloro- 
butadiene, and of iodine on vinyl ether. These positive catalysts 
probably favour the formation of nuclei/’ wdiich are starting-points 
of further pol>nnerisation. The occurrence of positive and of negative 
catal>"si.s can in fact be considered as a typical feature of polymerisation 
reactions. Tliis fact provides some useful hints towards tite under- 
standing of the mechanism of the reactions in question ; but, on the other 
hand, it makes exact experimental treatment of the problem rather 
difficult. 

Table L gives a summary of tfie most important data concerning the 

• Compare W, Chalmers, Canad. /, J932. 7, 

For instance, Staodinger and Suter, Whitby and Croxter, Whitby and Ivatz, 
and others. 
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velocity of thermal polymerisation reactions* One sees how scarce is 
the material available in the literature of the subject. Seldom has the 
reaction velocity been studied over sufficiently long time-intervals and 
at different temperatures. Most of the investigations have been carried 
through with polymerising substances in the pure liquid state, whereas 
investigations of more or less dilute solutions would give results much 
easier to interpret. If the best experimental results available are plotted 
in the form of graphs, reaction-curves of the type shown in Figs* 5 to 8 
(p. 17) are obtained. W. Chalmers suggested that polymerisation 
reactions are “ quasi-monomolecular/* column 5 of Table L shows that 
this conception is not without foundation. 
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True, the velocity-constants, calculated as for a monomolecular reac- 
tion, show variations up to 50 per cent* of their mean value ; but — in 
some cases at least— there is no definite trend, and the irregular variations 
may therefore be ascribed to experimental errors* However, a more 
detailed analysis of the reaction-mechanism leads us to a much more 
complicated kinetic law. Our task will be to test this law by comparine: 
its predictions with experimental results. 

Compare also W. Chalmem, /* AmcK Chem. Soc., 1934, 56* 917, 
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Recently, systematic investigations of the polymerisation of styrene 
and of acryl ester at different temperatures have been started with pure 
liquids as well as with solutions. Some results of these experiments are 
given in Figs. 5 and 5a. We recognise a short “ induction period, 
followed by a long interval in which the polymerisation-velocity remains 
constant. Finally, as the polymerisation is nearly completed the re* 
action velocity slows down, and the system approaches asymptotically 
the limiting state of complete polymerisation. 

This behaviour is especially clear in the case of styrene, which has 
been thoroughly investigated by Raff and lorde. These experiments 
form the foundation of our further theoretical discussions. We intend 
to show that satisfactory accordance between theory and experiment 
can be obtained on the assumption that the polymerisation is a two*stage 
process.^* The 6rst stage is the formation of ** nuclei,** for instance, by 
collisions between tw^o monomeric molecules. This stage requires an 
activation, which can be a thermal, photochemical or catalytic one ; 
it can occur mono- or bi-molecularly. In the next section of this paper, 
formulae >vill be developed for all these special cases. 

In the cases of thermal polymerisation of the ethylene derivatives, 
especially of styrene, of the vinyl esters and vinyl chlorides, of the acryl 
esters, etc., experiments indicate a thermal, bimolecular mechanism of 
the formation of nuclei. When two styrene molecules meet with suf* 
ficiently high ener^, the two double bonds are “ opened ** and doubly 
unsaturated dimeric radicals can be formed, of one of the following 
kinds : 

either: ---CHX- . . . 

or: — (:HX— CH2-CH2---CHX . . . 

We may consider the formation of a nucleus, in a case such as this, 
as an ordinary bimolecular process, with a collision-factor of the usual 
order of magnitude, and an activation-energy of 30-50 cal. per mol An 
analogous explanation can he supposed to hold for the polymerisations 
of other ethylene-derivatives, so loitg as reactions in the dark and without 
catalysts arc alone concerned. 

The cause of the inability of ethylene itself to polymerise must be 
sought in a higher stability of its double bond, which is loosened by sub- 
stituents. This assumption accords with the general difference in the 
chemical properties of ethylene and of its derivatives. The dipole 
structure of the derivatives may contribute to tlie acceleration of the 
reaction by which polymerisation nuclei are formed, because dipole 
molecuks passess stronger \ an dcr Waals’ attractions and come, therefore, 
into closer touch during collisions. 

In the case of pkotocheniical polymerisations (for instance, of acrv^lic 
esters, of butadiene, etc.) we can expect nuclei to be formed according to 
a moaomolecular law\ The monomeric molecule is activated by absorp- 
tion of light, so iis to be able to form a nucleus wiien colliding with an 
ordinary non-active molecule. In the next section, formulae referring to 
this case will also be given. 

Very often polymerisations arc caused by cai<dysis^ as, for instance, 
by sodium in the Ci\se of butadiene, or by ox>^gen in that of butadiene- 
chloride.^* Important investigations by Ziegler proved, that sodium 

•* Compare silso W. Chalmers.* 

Compare t^g.. Ziegler and Bahr, Ber., ^928, <Si, 254 ; Lub. 1929. 473. 
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and other alkaline metals increase the velocity of formation of poly- 
merisation nuclei by “ adsorption ’* on tJie double bonds. Oxygen acts 
in the same way in the polymerisation of chloroprene, as Carothers found 
in the course of his extensive investigations. Because of the compli- 
cations which may occur in cases of catalytic polymerisation, we shall 
at first exclude them from our discussion. It would be relatively easy 
to introduce catalytic effects into our formulae, if only tliese effects 
could be restricted to the velocity of formation of the nuclei. 

The formation of nuclei may be considered as the first necessaxy*' step 
of every polymerisation process. Its result is the production of a number 
of activated molecules or reactive radicals. 

There are essentially different ways in which these molecules or 
radicals may further react. 

(1) The nucleus may collide with a second monomeric molecule of 
the initial substance, combine with it and grow in this way. The un- 
saturated character of the one of the collision partners leads us to expect 
a somewhat low activation cnergN” for this reaction, and the velocity of 
chain growth can therefore be high as compared with the velocity of the 
formation of nuclei. The formulae given below show that the formation 
of a relatively large number of short chains or of a smaller number of long 
chains depends on the relation between the velocity of formation of 
nuclei and that of the chain -grovrth. If the absolute values and the 
dependence on temperature of both these velocities are known, the 
w^hole process is quantitatively described by our equations—with the 
exception of some side-reactions wliich will be discussed later. The 
results of many investigations — especially by Bonhoeffer, Hinshelwood, 
and Polanyi showed that the activation-energy of chain-growing re- 
actions is usually of the order of 5 Cal. per mol only, which means a very 
high reaction-velocity indeed. It i.s, however, to be remembered that, 
as soon as the molecules become long enough, the collision-factor cannot 
be expected to be the same as it was before. The reactivity of the active 
ends of the chain may be inhibited by other parts of the large molecule. 
In general, we may expect the sensitive region of a chain molecule 
to become smaller with growing length of tlje chain, despite the fact 
that the molecule still bears on its ends the same unsaturated radicals. 
This effect can be taken into consideration in developing the formulae ; 
but we shall disregard it at first, and consider the velocity of chain growth 
to be a constant, dependent only on temperature and not on the length 
of the chains. 

(2) The repeated addition of monomeric molecules is not the only way 
in which the nuclei may react ; there exi.sts a number of otlier possibilities. 
The simple picture of the polymerisation process, which w^as given above 
(and which has been also discussed befi>rc) becomes complicated by 
these additional possibilities ; hut only by their full consideration is the 
theoretical scheme adequate to describe the great variety of the ex- 
perimental results. 

(a) Firstly, let us consider the pos.sibility of a nucleus reacting not 
with an additional monomeric molecule, but with a second nucleus. 
The velocity of chain -growth may be further increased and the for- 
mation of longer chains favoured by reactions of this kind. That they 
actually occur may be seen from the kinetics of the condensation reactions 

« See, for instance, K. F. Bonhoeffer, Ergeb, exahi, N(Uufw., 1927, 204 ; 
Bonhoeffer and Harteck, Grundlagm der Photochemie, Steinkopf, Leipzig, 10^3, 
p. 210, where further references are given. 
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of polybasic acids with polyvalent alcohols. Were it not for the occur- 
rence of reactions of the last-mentioned kind, we could hardly expect the 
velocity of chain -growth to exceed the velocity of the formation of nuclei 
in this case too. The whole kinetics of the polymerisation must be 
therefore different from that discussed above. Experiments show, how- 
ever, that this is not the case ; indeed, condensation reactions of this 
kind lead to a similar distribution of chain lengths as the ordinary poly- 
merisations. 

(b) We may further consider the possibility of isomerisation or satura- 
tion of the imsaturatcd nuclei, by which they lose their capacity of further 
growth. The doubly unsaturated radical formed by two monomeric 
styrene molecules can, for instance, be conv^erted into a saturated mole- 
cule in one of the following two ways : — 

. . . ('XH-~CFL - CXH--CH. . . . 

CXH,~™CH2~-CX=CHo 
. . . eXH*-^ CHa—CXH— CH^ “ . . 

eXH— CHa 

CHs—CXH 

Analogous possibilities e>i*st for longer chains also, so that the breaking 
cti reaction chains by intramolecular isomerisation or by ring-formation 
must be taken into account in a full discussion of the kinetics of poly- 
merisation. As shown by tiie above formulae, the isomerisation occurs 
by a h>'drogen atom wandering along the chain. It is finally fixed on 
one end of the chain, a double-bond being formed simultaneously on the 
opposite end. h>om this mechanism we may reasonably expect the velo- 
city of isomerisation to become smaller with growing chain-length. In 
this way, a relatively high number of short chains are stabilised and the 
proportion of short chains in the ultimate product of polymerisation 
iiicreasedA* In analogy to what know about intramolecular trans- 
formations in general, we may expect the dependence of the isomerisation 
velocity on temperature to be relatively small. In any case, its activa- 
tion-energy will be much smaller than that connected with the formation 
of nuclei. 

We have included the influence of the isomerisation upon the kinetics 
of the polymerisation into the following fonnulae, under certain plausible 
assumptions, ai^d for the case of a bimolecular formation of nuclei. 

(c) We must not completely neglect the possibility of newly -formed 
long-chain molecules dissociating agam, especially if the temperature of 
polymerisation is soniewlv.it high and the chains already long enough. 
As already pointed out by Staudinger, and confirmed by many recent 
investigations, the large molecules arc not comparable in stability with 
the small ones ; they must therefore dissociate at relatively low tem- 
peratures. Still, we may reasonably doubt whether any perceptible 
dissociation really occurs at temperatures between too® and 200'^ C. ; 
but only special experiments could definitely answer this question. In 
the meantime, it appears necessary to include this effect into the 
general theory^ of polymerisation. Very^ conveniently, there exists a 
detailed investigation by W. Kuhn of the dissociation of iojig chains, 

Au analogous reasoning can also be used in the case of ring-fonnation. 
In connection with this problem we ate developing a detailed theor>' of the 
kinetics of ring-fora>ation fnnu the point of view of intramolecular statistics. 

W. Kuhn. Brr.. I 93 < 5 . ^3, 1503. 
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made as a part of an extensive work undertaken by him together with 
K* Freudenberg and concerned with the hydrolysis of the cellulose.^® 
In this paper by Kuhn, formulae are given for the dissociation -velocity 
of long chains under different conditions. Part of them can be directly 
applied to the thermal de-polymerisation of chain -molecules, whereas 
another part requires only small adjustments to be used to this purpose. 
The formation and dissociation of chains lead to an equilibrium de- 
pendent on temperature and on the molecular properties of the substance 
in question. The equilibrium constant can be represented in terms of 
the collision factors and the activation energies of both reactions. 

{d) Another important complication, which may have a great: in- 
fluence on the properties of the products of the polymerisation, occurs 
wlien the nuclei still contain double bonds. This is the case with a great 
number of polymerising substances, as, for instance, with butadiene, 
isoprene, dimethyl-butadiene and chloroprcne^ — as well as with those 
compounds wdiich are known as “synthetic rubbers/* in consideration 
of their elastic properties. The experiments show, that nuclei of this 
kind may have their double bonds reduced to single bonds by appropriate 
activation, thermal or catalytic ; the valencies which are set free in this 
way are used for linking the chains together, the result being t!)e for- 
mation of a two- or three-dimensional lattice.* The products which are 
thus obtained have properties entirely different from those of the ordinary 
chain polymers, especially in regard to solubility, melting-point and 
elasticity. We must therefore introduce into our equations a velocity // 
space filling^ in addition to the velocity of chain-growth, in order to take 
into account a side-reaction which may become so important under 
suitable conditions. The results obtained by Carothers and collaborators 
in the study of chloroprene show that a thermal space filling is a process 
highly dependent on catalysts. Since it involves an activation of the 
double bond, we may expect the same catalysts to be active in this 
as we found to accelerate the formation of polymerisation-nuclei. This 
conclusion is, so far, confirmed by experiment. In the absence of 
catalysts/® the activation energy of space filling may be supposed to 
amount to about 30-50 k, cal. per mol — i.e. equal to that of the formation 
of the nuclei. It appears, furthermore, plausible to .suppose the probability 
of a chain taking part in a space filling to be proportional to the number 
of double bonds present in it. In the case of the above-mentioned 
substances, this means a proportionality to the chain-length. The 
velocity of space filling must therefore grow very quickly (exponenti- 
ally) with increasing temperature, and gradually (linearily) with increasing 
chain-length. Both these conclusions accord with experiment. The 
inclusion of the space filling reactions into the mathematical scheme of 
the polymerisation process seems to offer no insuperable difficulties. Wc 
have started calculations of this kind and will communicate them as 
soon as they are completed. 

Compare especially K. Freudenberg, Tannin, CeMuhse, Lignin, Springer, 
I933» P- 97' 

* We shall hereafter refer to this as " space fillmg.'' 

Stress must be laid again on the fact, that it is extremely difficult to exclude 
prac^cally the smallest traces of catalytically active substances. This is of 

o instance in the technical production of different polymers 
of chloroprene (a, p, w— polymers). 
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2. Discussion of the Kinetics of Polymerisation. 

It is not difficult to derive approximate formulae for the velocity of 
the reactions discussed qualitatively in the previous section. According 
to what has been said above, we have to consider separately the cases 
of a bimolecular and of a monomolecular formation of the nuclei. 

We will denote by H the molecules of the non-activated monomeric 
substance, and by H, those of the polymeric radicals built up from j 
simple molecules. All we consider, as described in the previous 
section, to be non-saturated, and able to grow further by addition of 
more molecules of H. 

The monomolecular mechanism by which an active nucleus is pro- 
duced, can be described by the formula 

H + x^n^ .... (I) 

where x denotes the energy which is necessary for the production of the 
nucleus. As mentioned above, this energy is usually somewhat high. 
Hj denotes the newly-formed polymerisation-nucleus. Its further de- 
velopment can be described by the following set of formulae : 

Hj, + H Ha 

( 2 ) 

H, f 

All the reactions (2) require only a small activation-energy and therefore 
proceed much more quickly than reaction (1). For the sake of simplicity 
we will assume that the velocity constant of all the reactions (2) is the 
same. The velocity constant of reaction (l) is smaller by 3 to 6 orders 
of magnitude. 

The bimolecular formation of nuclei is described by the formula 

H + H-vHa . {!') 

'rhe first polymerisation-nucleus is in this case the dimeric radical 
Its growth is again represented by (2), under omission of the first equation ; 

f H H* 

+ . (2') 

In both cases, we have to supplement (1) and (2) by a formula repre- 
senting the slow stabilisation of the radicals H^and the formation of stable 
chain-molecules : — 

, (3) 

The stabilisation may also occur by collision with a foreign molecule B : — 

+ , (sa) 

Since S; is supposed to be incapable of growing any further, reaction 
(3} and {34) inhibit tlic polymerisation. The substances B thus act as 
mgalim catalysis. 

We neglected in this scheme reactions of the type of 

which we discussed in the previous section. We did not do tins be- 
cause we supposed them not to occur at all or to be improbable from 
the kinetic point of vnew, but only because we found that their occurrence 
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does not appreciably change the general course of the polymerisation- 
process. This is suggested by the results discussed below. 

The reactions (i), (2), ( 3 ) or (i), (2) and i^a) together form a typical 
reaction chain. All that is known about polymerisation agrees with the 
supposition that tJiey are chain reactions. The chain structure of the 
polymers itself points in this direction. 

The assumption of reaction chains is further supported by the oc- 
currence of positive and negative catalysis. Negative catalysis is easily 
explained by reaction (3a), whereas positive catalysis is to be explained 
by a catalytic acceleration of reaction (l). The almost explosive manner 
in which many polymerisations take place is characteristic of chain 
reactions. The polymerisation of styrene and of acrylic ester is, for in- 
stance accompanied by an intense foaming, A ftner detail which Ets 
well into the picture is the existence of an induction period (mentioned 
above). Calculations based on formulae (1-3) in fact lead to the pre- 
diction of an induction-time. 

We shall denote the quantity of the initial substance H present at 
a given moment by the amounts of the radicals either by 
(in the “ monomolecular ” case)^ or by (in the bimolccular case). 
The initial concentration of H (at / = o) we put equal to i. By an 
appropriate choice of units, the reaction-constant of process (2) can also 
be made equal to J, The velocity-constant of reaction (l), which wc 
denote by a, is in this case equal to something between 10“^® and 
Irrespective of the units chosen, a has the meaning of the relation be- 
tween the velocity-constants of (l) and (2). The stabilisation reactions 
(3) and (3fi) will be disregarded for the moment. 


(a) The Nuclei are Formed Monomolecularly. 

The differential equations for (t) and (2) occurring together are in 
this case — the amount of being denoted by follows: — 

^ a.M - MM^ 


MM. - MM^ 

(it ^ * 

^ • MM, - MM, 


{4} 



MM„.., 


MM, 


Mdt (5) 


ds* 


=-• a — M, 

M, - M 




M. 


n- I 


M. 


( 6 ) 


Putting 
we obtain ; — 
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The transformation (5), leading from (4) to (6), means the introduction 
of a new time-factor z, 
which becomes greater 
with progressing reac- 
tion. We shall call z 
the individual time 
(Eigenzcit) of the re- 
action. For f = 0, also, 
we put z 0 too. The 
solution of the equa- 
tions (6), with appropri- 
ate initial conditions, is 


7 

^6 

^ J 
2 


" 2 
1 











0 1 


to - 

a = 10-*. 
Fig. I. 


15 


20 


Obviously, 


Mn - 






(7) 


p«w»n — 1 


With increasing z, the right side 


(7) becomes less and less different from the expression : 


ag{n, z) - 


/a 


( 8 ) 


T0\ 


n -- i ’^z 
lo . . . n — I > s 

I'sing (8) instead of (7i, we imply that the chains grow^ with a uniform 

velocity (referred to the 
time-scale s) — a result 
which appears immedi- 
ately plausible. The dis- 
continuity expressed by 
(8) is practically smoothed 
over by statistical scatter- 
ing — that is why the 
correct formula is (7) and 
not (8). 

For the amount of 
the non-poiymerised sub- 
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stance M, we obtain 


M I 


az ■ 


as* 

2 


(9) 


The solution z -- ^hc equation represents tlie wilue ji the in- 

dividual time z after which 
the initial substance is com- 
pletely used up. To the 
first approximation, is 


m 


given by y The individual 

time of course, corre- 
sponds to i - X' on the 
ordinary time-scale. Intro- 
ducing (9) into {5), we ob- 
tain 
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as the rclathm between the individual {*) and the ordinary (i) time. The 
values of A/, which we obtain from (7) in putting s = represent the 
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final quantities of the different polymers. The chain length which is 
present to the highest amount in the mixture is approximately equal 

to o>93ae = 0*9^^- (With (8) it would be a* exactly). 



Fig. 3. 

Fig. I shows the distribution of chain-lengths to a time lO, 
corresponding to an early stage of polymerisation. Figs. 2 and 2a show 
the amount of polymerised substance 5, as a function of the time t. 



Fig. 3a. 


Figs. 3 ^d 3a represent the final di.s'tributions of the chain-lengths, at 

The formulae given so far are exact. The following are only 
approximate. ^ 









Fjg* 



The value xp^o ^vhich corresponds to a given a is now greater by about 


tm. 



Figs, 4 and 4^^ examples of the final distributions of the 


3 
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chaia-lengths. Figs. 2 and 2 a, representing polymerisation as a function 
of time, remain valid in this case too. The existence of an induction 
period is clearly shown by these graphs. The most favoured chain- 


length is again equal to about 0*9 now means 0*9 x 



(c) The Influence of the Stabilisation Reaction (3), 

We supplement now the above discussed scheme by the reaction (3), 
with a velocity-constant b of its own, supposed to be independent of 
What is the final distribution of the S^-vahies at z — (or 

t = 00). If b is so small that reaction (3) intervenes only when the 
polymerisation is practically completed, then the distribution curve 
must practically coincide with the former curve In all otiicr 

cases, the number of shorter chains is increased and that of the longer 
chains diminished by the intervention of reaction (3), 



On the assumption of a bimolecular formation of nuclei we obtain : — 

Jib 

^ u \ , (nhVa COS Van n dz . . 

- [-1^) ^ lo . . . « > . 

This formula holds, however, only if is much smaller than i . Because 

4Vfl 

n > 1 the lactor which stands before is smaller than I and the first 
terra therefore smaller than jV/„ ; the second term increases the relative 
probability of the short chains. 

Negative catalysis of the type (3a) fits into the .same scheme so long 
as the concentration of the catalyst does not decrease appreciably in the 
course of the polymerisation -f.e. so long as the stabilisation (3a) obeys 
formally a monomolecular law. w / >•- 


3. Comparison of the Theory with the Experimental Results. 

the experimental curves 5 and 5a, which describe the 
polymensatiori ol .styrene a.s a function of time, with the theoretical " 
urves m igs. 2 and 2a, we observe a general agreement in their sltape : 
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M indiiction-period is followed by a linear section of the curve, which 
finally becomes concave and approaches the horizontal when the poly- 
merisation is nearing completion. We may therefore say that the theory 
describes the process of polymerisation in an essentially correct way. 



A more delailed analy.^is reveals that whereas theory predict.? a 
relatively long induction period (lasting until alxiut 10-15 per cent, of 
the .substance is transformed), the e.xperimental induction times are ap- 
parently much shorter. In many cases, for instance, in those of indene 
and of dimethyl butadiene (I'igs. 6, 7 and 8), there appears to be no in- 
duction period at .ill. 




In order to .show how far the theoretical equations are capable of 
representinp; the experinicntal results, wc plotted together, in P'ig. 0, 
the theoretical curve for a ~ iO“*, and the experimental results obtained 
with styrene at 80". 

We must remember liere, that raeasuremeuis in the liquid phase are 
not very appropriate for comparison with the theory. The single chain 
growth reactions are exothermic ; the temperature shown by a thermo- 
meter immersed in the reacting liquid is therefore not identical with that 



68 THE MECHANISM OF POLYMERISATION 

prevailing in the immediate neighbourhood of the reacting molecule. 
We must suppose, on the contrary, that the temperature of the poly- 

merisiag substance 
itself is often much 
higher than the mean 
temperature of the 
liquid, thus permitting 
a much higher velocity 
of formation of the 
nuclei and making the 
induction period 
shorter. Moreover, we 
must remember that 
small amounts of cata- 
lytically active sub- 
stances may increase 
the initial velocity of 
the formation of nuclei 
and thus also reduce 
the induction period. 
Measurements of the 
polymerisation velo- 
city in solutions can be expected to give results more appropriate for 
comparison with the theoretical curves. Unhappily, these measurements 
are not yet carried so far as to enable their results to be used in this 
discussion. 




Summary. 

(1) The kinetics of polymerisation processes are discussed from the point 

01 view of a slow nucleus-forming reaction, followed by a quick growth of 
the chains. ^ ^ 

(2) The following side-reactions are discussed 

{a) Isomerisation. 

(b) Dissociation of chains, 

(c) Intercombmation of nuclei. 

(d) Formation of lattice. 
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(3) The infiuence of catalysts on both stages of the main reaction is 
considered, 

(4) Formulae are derived for the above polymerisation-mechanism, 
both for a monoraolecular and for a bimolectil^ formation of nuclei. 

{5) The influence of isomerisation is introduced into the formulae. 

(6) The theoretical results are compared with the experiments, so far 
as this appears possible to-day. The comparison reveals that the simple 
theoretic^ mechanism corresponds qualitatively to the experimental 
picture, and is even able to reproduce the experiments with st3n‘ene quan- 
titatively with a high degree of accuracy. In discussing the finer details 
of the polymerisation-processes, however, the side-reactions mentioned 
under (3) must undoubtedly be taken into consideration too. 

Wtm: L Chemisches Universitdts-Labaratorium* 


GENERAL DISCUSSION 

Albert Wassermann {London) said : In studying bimolecular re- 
actions of the type a b c, it is sometimes observed that the constant 
Z of the Arrhenius equation h -= decreases rapidly as the number of 

atoms of which the molecules a and b amsist is increased.*® The figures 
given below' represent a good example ; — 

Kinktk s of Diekc SvxiHESEs (Addition' of Quinones to 
wMPkntadiene) ; Benzene Solution. 


No. : 

(a). 

...*‘’"....4 

ie). 


j £«. 
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C,H. j 

' 

t vrloPentadiene 
Benzoquinone 
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- i 

tycUPe ntudiene 
a- N aphthquinone 
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t jiM 

j • 

D 1 -cych Pentad i e ne 
Ik'nzoquinone 

j 3 10 * 

\ ^3 

i 
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i'hc Z \ulue i>f the reaction ethylene -r ethylene {a ^ b ^ C*H*) 
amounts, according to Fi-ase,*® to 2 x 10*. It can be* seen that the Z values 
of the dii ue synlhesc*.s (reacting molecules containing 12-23 ^tomsj are 
much smallei . ^he difierence is so large that it might be w^ondered how 
the formation oiHiighly polymerised compounds occurs at all. The possi- 
bility td the synthesis of these compounds must evidently depend not 
only on a very low acti\'ation energy.** The tempemture independent 
factor" Z of the Arrhenius equation must also be increased in some 
abnormal " manner under certain expenmental conditions. 

Dr* J* H. de Boer (E^ndhomn) said : The meciianism of growth ot the 
nuclei and the chains by an addition process of monomeric molecules on 
the top of the chains with a high velocity brings to mind the process of 
crystal growth, ^4., of mercury crystals in the classical expenment of 
Vrfmer and Estermann. Now, in these latter cases the x elocity of growth 
is large because a large number of the atoms or molecules striking tl^ sides 
of the grow ing ncedk-crystai are loosely bound thert by adsorption forces 

Cj, Evauh and Polanyi, jHins. Fdruilcp; 1955, ^ gyring, /. CAm. 

Phydc$, 1935, 3 * ^^ 7 ' CChIso Kice and CJershinowdr, 1934, a, 853. 

" ** The dimension ol Z is i/g.-moL-sec, smd that of E is Cal. 
i93st.S4* 

** It siiould be home in mind that the activation energy of the association of 
two trtphenylmethyl molecules is 8 Cah 
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and migrate to the top, where they contribute to the lengthwise growth. 
Is such a mechanism possible, also, in the case of the growing polymers ? 

Dr. D. Finlayson {Long Eaton) said : Reference has been made to the 
fact that the rate of growdh of long-chain compounds is greater than would 
be expected from the standpoint of the conventional theories. The 
explanation of this must be looked for on lines other than those so far 
considered, and in this connection, I w^ould suggest tliat Dr. Carothers' 
remarks about the analogies between vital growth and the process of 
polymerisation are worthy of the closest study. 

In both processes, long-chain molecular complexes, in suitable environ- 
ments which contain molecules fundamentally of the same nature as those 
forming the units in the molecular chains, are able to grow by a series of 
chemical interactions between the end of the chain and the appropriate 
molecules of the en\‘ironment. These processes differ from ordinary 
ciy’stallisation mainly in that the mechanism by which the correct molecules 
are selected from the environment, and suitably oriented with respect to 
the molecules at the end of the chain, would app)ear to be rather more com- 
plicated. 1 suggest that the mechanism of selection and orientation is as 
follows. 

Any molecular chain is necessarily in a state of active vibration l)efore 
growth can occur. The energy to initiate and maintain the necessarx^ 
intensity of vibration may be derived either from thermal collisions witti 
the material of the environment or from an external source of radiant 
energy. The xdbrations thus acquired l)y the molecular chain xvill be 
received in a series of impulses which may, or may not, have some connection 
with the natural xdbration period of tlie unit of the molecular chain. In 
either case, these impulses will travel as series of wave.s backwards and 
forwards along the molecular chain, and the resulting motion may be 
regarded as the superposition of a random motion on the fundamental and 
liarmonic vibrations of the molecular units of the chain. For our purf>ose, 
the random motion may be neglected ; the important jx)int is that a series 
of random impulses is able to stimulate a chain to vibrate with its own 
natural vibrations (on which are superposed other random oscillations). 

When these natural vibrations reach a free end of the molecular chain, 
they must (as in sound waves at the oi>en end of a pipe) partly return along 
the chain with diminished intensity, and partly tend to dissipate them- 
selves in the surrounding medium. In other words, a long-chain molecular 
complex tends to produce, continuously, in the medium at the end of the 
chain a vibration “ like ” that of the unit of the chain itself. The effect of 
this will be to orientate the molecules of the medium at the end of the 
chain in such a way as to make it possible for the vibration to trans- 
mitted, 2 ,e., the molecules of the medium will present themselves to the 
end of the chain in the configuration of the units of the chain themselves. 
It is thus that, I imagine, growth wdll occur. 

It has been remarked that any rational explanation of |>olymerisation 
must also explain depolymeri.sation. It mav be .suggested that the 
mechanisms of both processes are, essentially, the same. 

When a long-chain compound is deprivt^d of its food/' or placed in 
an environment which does not contain any like '' molecules capable of 
dissipating its charactcri.stic vibrations, the amplitude of these vibrations 
must, in general, increase. The result will be that, from time to time, 
certain molecular chains will aetjuire amplitudes of vibration greater than 
they are able to withstand, and these chains will l>e torn asunder* the 
most probable positions of rupture being near the centre of each chain. 
Ihus, m simple long-chain compounds, as in complex living organisms, 
the absence of opportunity for growth, in time* results in death. 

Dr. R, Spence (Leeds) said : Some three years ago, I studied the poly** 
merisation of ^seous formaldehyde in pyrex vessels at room temperature.** 
The pressure decreased at first unimolecularly, then bimokcularly, ami 

Spence, y, a/em. Soc., 1^33, 1193, 
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finally the rate slowed down according to a higher order. The nature of 
the polymeric deposit is of some interest in connection with Dr. de Boer's 
suggestion that there might be a surface diffusion to the centres of growth. 
Most of the glass surface appeared to be covered with a thin tran^ucent 
film of varying thickness, in addition to which small nodules could be 
observed, sometimes reaching 2 mm. in diameter. Furthermore, the 
velocity of x>olymerisation was closely proportional to the area of surface 
present, and it might be supposed that the rate depended upon the degree 
of adsorption of the formaldehyde upon the polymer and the difiusion of 
the ad-sorbed molecules to the active centres. The kinetic data, on the 
other hand, do not support this view, but indicate rather that the rate 
depends upon the number of active centres present. It is of interest to 
note that growth appears to continue on the same regions of the deposit in 
consecutive experiments in spite of evacuation and the lapse of time 
between them.*® Accordingly, two kinds of activity may be involved, 
namely that associated with the growing chain, and a more permanent 
type capable of initiating new' growth. 

Dr. E* Heymamt (Lvndm) said : Professor Mark asks how one could 
determijie the distribution of molecular weights in a solution of polymers 
which contains molecules of different molecular weight (or chain-length). 

Let u.s assume \vc have three different groups of molecules of different 
chain-length (or molecular weight), and let us furthermore assume, that 
these molecules are dipcles. If these are exposed to an alternating electric 
field, there are characteristic frequencies y for each group of molecules, at 
which they become oriented in the field. The critical frequency (w=ave- 
lengtb A) will be the smaller (A higher), the larger the molecules (Debye).” 
If, therefore, we measure the dielectric constant c, in relation to the >vave- 
iength. we find for small wave-lengths the dielectric constant of the pure 
solvent (c^). If we increase the wave-length to a certain value, the smallest 
molecules will l:>e oriented in the field, and thus contribute to the orienta- 
tion jx>larisation, that is to say, w'e observ’e a rise in dielectric constant 
(«i). If we increase the wave-length further, we shall come to a 
region wlierc the molecules of larger size become oriented, and conse- 
quently, we shall observe a second rise in dielectric constant (e,). With 
furtlier increase in wave-length the largest molecules will contribute to the 
orientation polarisation and the dielectric constant w^iU rise again (e,) 
(Fig. 10). That is to say, for every group of molecules there corresponds 
a dispersion region in the c-y cur\^e. In practice, the conditions will often 
be more difficult, since the mixture need not necessarily contain distinct 
groups of molecular w^eights. If the molecular freights are very close 
together, it wnll not Ixi |x>ssible to distinguish between tlie single dispersion 
regions, which in this case will grow together to one very broad region, in 
which the dielectric constant increases slowdy with increasing wave-length. 

It is true that dielectric constant measurement with variation of w^ave- 
length involves experimental difficulties, especially if small wave-lengths 
are required. Molecules of colloidal dimensions correspond to wave- 
lengths Ix^tween about 5 and several 100 metres. Other complications 
may arise, if the dipole is not fixed in the molecule or if a part of the 
molecule is oriented independently or almost independently (as su ggested 
by iVofessor K. H. Meyer). In any case, I think that it is worth trying 
the dielectric-constant method for getting information about the distribu- 
tion of molecular sizes in solutions of highly poiynnerised substances, 
especially as a similar method has been suggested N, Marinesco,*^ and 
by J> Errera and his co-workers ” to determine the molecular weights of 
proteins in solution. 

” Cj\ Carothers, this voL* page 39. *• P. Debve, Pvlar Molecufes, 

N. Marinesco, J, Chim, Physi^m, 1927, ^4, 572 : 1931, 28, (2), 76 ; Compt. 

1929, 188, 1165 ; Compt. rend. Soc. BioL, 1930, 103^ 87a ; Kotl. Z,, 195^. 

** J. Errera, /, Chim. Physique, 193a, 29, 575 ; B, M, Bloch and J. Errera, 
PhyM\ Z., 1933 . 7^7^ 
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Dr. E. A. Moelwyn -Hughes (Cambridge) said : If, in the present 
reaction, the disparity between the behaviour in the gas phase and m 
solution can be adduced as evidence for the mechanism outlined by 
Professor Rideal and Professor Mark, then the results of Abkin and 
Medvedev (p. 286) would appear to indicate quite a different mechanism 
for the sodium-catalysed polymerisation of butadiene. 

Professor H. Mark (TFfewl, in reply, said : To save time I will discuss 
together tiie most interesting results of Dr. Wa-ssennann and the very 
sinking remark of Dr. do Boer. In both ca.ses the question is how does the 
rate of chain growth depend upon the length of the chain ? a point which 
seems to me to bt' fundamental in the kinetics of poljTiierisation reactions. 
In our contribution Dr. Do.stal and I made our first calculations on the 
assumption that the growth constant of a growing chain w^uld be in- 
dependent of its actual length. This procedure, w hich must be, of course, 
taken as a first approximation, seemed to be justified to a certain extmt 
by the fact that one generally can assume that, with increasing chain- 
length, the heat of activation and the steric factor for the next elementary 
addition process both decrease. It can happen, a.s Profeasor Kideal has 
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already pointed out, that these two intluences more or less compensate 
one another. This may be the case, but it docs not necessarily follow. 
It was therefore necessary to itnprove the calculation as to the building 
up of long chains, and to work out a formula, which includes a certain 
variability of the chain growth constant. Dr. Dmtal was able to show 
that one can accomplish the calculation also for the fact that A\ is not 
constant, but depends upon n. For the dependence of the reaction 
constant upon the chain-length, one has put A . a'* where n is the 

number of the members of the chain and A and a are constants. 

This equation allows the assumption of an increasing or decreasing 
probability for the next step with growing chain-length,** 

It is probable that, in most cases, the rate of growth will decrease %vith 
mcre^ing chain-length Ixjcause the energy of activation of the growing 
reaction is already so small, when the chaitis are short, that its decrease 
c^not very much affect tlie velocity of the reaction. 
Un the other hand, there are very good reasons to assume that the steric 
factor will decrease very rapidly, when the size of the reacting molecules 

See also Dr. I>ostars remarks concerning Dr. Bawn^s pai>er, p. 183. 
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increases. All our knowledge of the kinetics of bimolecular reactions in 
the gaseous state (and particularly also in dilute solutions), the experiments 
mentioned by Dr, Wassermann, and last but not least, the theoretical 
considerations of Eyring, Evans and Polanyi, and the recent work of Hell- 
mann and Syrkin, show that the steric factor of a bimolecular reaction 
may decrease to lo-*, when the reacting molecules have a considerable 
sue. The reason for this behaviour is (as Dr, Bawn will point out in his 
paper) not so much geometrical considerations, as the fact that we have an 
interaction of oscillating systems, which obey the laws of quantum me- 
chanics and have to fulfil different conditions, if a mutual reaction is to 
be allowed. One should therefore assume that, generally, the chain- 
growth constant should decrease very rapidly with increasing chain-length ; 
this leads to the result that long chains could not be built at all. Experi- 
ment shows very clearly, on the contrary, that they are formed in nearly 
every case when polymerisation takes place at all. 

In connection to the contribution of Dr. de Boer, I would add that it 
seems quite possible that some kind of adsorption of the monomeric mole- 
cule on rile surface of tlie polymeric macromolecule plays a similar rdle, 
as it does in the case of ciy^stal growib. Therefore the analogy, which 
Dr, de B<)er has pointed out seems to me to be very reasonable, and the 
idea of Volmer, which was so useful in the case of crystal growdh, may be 
of the same use in the grow th of long chain molecules. In fact, similar 
prwesses have already ’>een taken into account. Dr. Medvedev refers to 
this in his contribution, where he meets a similar difficulty from an 
activation *' ol the mommeric through the polymeric macromolecule. 

To wiiat extent such an activation may be due to surface processes, as 
Dr. de Boer suggested, will only l>e cleared up by very careful quantitative 
analysis of prdytnerisation reactions ; this is not at all easy, and must be 
worked out with the greatest care for ever>’ single ix>lymerisation substance. 

In reply to a reniaik by Dr, Kitnile, I would like to point out, that in 
the case of the esteriticatiem of polyvalent alcohols with polybasic acids and 
in the case of the mutual esterification of a>-oxy carbonic acids the reactions 
which resIx^ctively start the chain and propagate the chain are essentially 
of the same typt?. It thereft.>re seems probable that they have reaction 
rales of the s<inTe order of magnitude. Of course, one has to take in 
account, that the grow^th reaction will decrease in rapidity with increasing 
chain-length, w hile the “ starting ^ reaction will be independent of the 
extent of condensation. In any ca-se, there is no reason for a ver>" rapid 
growth-reaction, so that it may be better to speak not of a chain- reaction 
but of a step- reaction. In such a type of reaction one does not get so 
long chains as in the cast! of very rapid growth, and one has to expect 
always to find a somewhat large amount of intermediate products, 
chains of medium length, as Dr. Kienle has pointed out. This seems also 
to account for the fact, which especially Staudiuger mentions, that one 
gets chain-like condensation products mostly only in the hemicolloid state, 
and d<K^s not reach really high polymeric specimens. The rate of building 
up nuclei is here of the same order of magnitude as the velocity of grow-th, 
and the large number of nuclei formed per unit of volume and time is 
always comixyting with the growing clmins, wuth the result that very long 
molecules cannot be built. 





THE KINETICS OF LONG CHAIN DISINTEGRA- 
TION APPLIED TO CELLULOSE AND STARCH. 

By Professor Karl Freudenberg [Heidelberg), 

Received Jth August, 1935. 

In 1921 evidence was given in favour of the concept that cellulose 
is a long chain molecule of equally linked glucose residues.^ The reason* 
ing was based on the kinetics of long chain disintegration. The 
maximum yield of cellobiose, from such a system, would exceed 30 per 
cent, but would never reach 100 per cent. ; under certain circumstances 
it would approach 67 per cent. This w^as confirmed by experiment. 

It was later found that cellulose when hydrolysed with 50 per cent, 
sulphuric acid at 18® has a lower velocity of reaction than cellobiose 
[Kn = 0*36 X 10”"*, K2 = 1*07 X 10"”*, being the velocity in the first 
stage of cellulose hydrolysis, the constant of cellobiose).* Werner 
Kuhn carried out the calculation of the process * on the assumption 
that the velocities w^hich cellotriose, cello tetraose, etc,, 

are attacked at the incipient hydrolysis, lies between and The 
calculations are in good agreement with the experimental cur\^e. Werner 
Kuhn’s formulae are also the basis for the calculation of disintegration 
processes of all other long chain molecules. 

The experiments mentioned were based on the iodometric estimation 
of the aldehyde group. When the optical rotatory power is observed 
during hydrolysis, similar curves are obtained, which could also be 
calculated by additive formulae : also given by Werner Kuhn. 

In connection with these experiments it was found that the molecular 
optical rotation of biose, triose, tetraose, etc., is additive and leads to 
the rotation of the polysaccharide by a linear function * This fact has 
been explained by optical superposition and has been confirmed for 
cellulose and starch and their methyl derivatives. It has been, so far, 
the strongest evidence for the fact, that in cello-biose, -triose, and -tetra- 
ose, as well as in cellulose itself, only one kind of linkage occurs, which 
is uniform in structural and configurational aspect. Methyl-starch 
and its methylated oligosaccharides behave in the same manner. 

The uniformity of the cellulose bond has now been confirmed by 
G. Blomqvist. He determined the velocity of hydrolysis of L. Zech- 
meisteris cellotriose and cellotetraose. and K4 (incipient velocity 
at 18° C.) are 0-636 x lO*"* and 0*506 x I0“* respectively. The former 
experiments have been repeated and completed, the figures being now' : 

^ K. Freudenberg, 1921, 54, 767. Compare my pamphlet: Tamin, 

Cellulose, Lignin, Berlin, 1933, 

* K. Freudenberg, Werner Kuhn and collaborators, Ber., 1930, 63, 1510. 

» W. Kuhn, Ber,, 1930, 63, 1503 ; Z, physik, Chem, A,, 1932, 159, 36B ; Bet\, 
1932, 65, 484. 

* K.. Freudenberg, K. Friedrich, T. Bumann, Ann., 1932, 494, 41. 
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Cellulose. 

Starch. 

l 8 “. 

30’. 

18®. 

30*. 


i '07 X 10-* 

6*04 X 10 -* 

1*43 X ro~< j 

10*3 X 10-* 

K, 

0*636 „ 

4*50 

— 


a;, 

1 0-506 „ 

3*65 

— 1 

— 

A„ . . j 

0*305 .. 

2*34 

0-97 

7*0 


From these figures the heat of activation U and the steric factor A may 
be approximately calculated. 


i ! 

1 Cellobime. 

5 

Cello triose. | 

Cellotetraose. 

Cdlulose. 

Maltose. 

Starch. 

U 

- . .1 27-300 

28*600 1 

1 

28*900 

29S00 

28*800 

28*900 

A > 

10'“^® . 1 3-4 

18 

24 i 

1 

67 

64 

52 


The velocities of hydrolysis of ccllotriose and -tetraose lie between 
those of cellobiose and cellulose, indicating once more that a con- 
tiimous sequence leads from biose over the oligosaccharides to the 
polysaccharide. The crystalline cellodextrine of M. Bergmann and of 
K. Hess, formerly called bioseanhydride or biosane, fits into this series. 
Its degree of polymerisation may be assumed to be about 30. 

The assumption made by Werner Kuhn for the calculation of the 
hydrolysis of polysaccharides has therefore been confirmed by experiment.®^ 

The figures obtained with the two main constituents of potato starch 
indicate that amylo-amylose possessed a lower average degree of poly- 
merisation than amylo-pectin. Both preparations are mixtures of 
polymer homologues, representing fairly long chains. The optical 
behaviour is in agreement with this conclusion. 

GENERAL DISCUSSION 

Professor H. Mark (Wien) said : Table II. contains a result which is 
of interest in connection wdth our general knowledge of high polymeric 
substances. One assumes generally (and, so far as one can see» also in 
agreement with experiment) that long chain molecules dissociate more 
readily with increasing chain-lengtli. In contradiction to this> the 
measurements of Freudenberg show that the activation energy of the 
hydrolysis of cellulose is distinctly greater than that of cellobiose, cello- 
triose and cellotetraose. This may be due to the fact, that the hydrolysis 
of cellulose does not take place in a really homogeneous medium, but that 
one has a de^adation in the swollen state. It may be that the glucosidic 
oxygen-link is strengthened by its position in the lattice ; this would 
mean, that during the growth process of cellulose a certain gain of energy 
takes place. 

Dr. E. A. Moelwyn-Hughes (Cambridge) said : The critical increment 
for the hydrolysis of cellobiose (27,300 calories) is the only one which de* 
viates markedly from the mean criti^ increment (2^,000) for the remauning 
reactions to which the data in Professor Freudenberg's second table refer. 

*A. af Ekenstam [Svensk Kem, Tidskr,, 1934, 4^* ^57) states that in 65 per 
cent, sulphuric acid solution cellulose hydrplyses on the lines of a monomolecular 

? roces8. By repeating his experiment we were unable to confirm his results. 

[is assumption that 50 per cent, sulphuric acid is not an adequate medium can 
likewise not be accepted. 



76 


KINETICS OF LONG CHAIN DISINTEGRATION 


Combining his figures for the velocity of hydrolysis of this disaccharide 
at temp)eratures of i8^ and 30° C. with my values,* at 60*^ and 80® C., I 
find the velocity constants over the complete temperature range to be 
satisfactorily given by an expression where E 29,000 calories. The two 
sets of experiments necessarily refer to systems containing different con- 
centrations of catalyst, but independent experiments show that E is not 
sensitive to the concentration, so that the combination of the results is 
justified. The revised critical increment for the hydrolysis of cellobiose 
is thus in good agreement witli the other values quoted in the paper, and 
strengthens Professor Freudenberg's argument. As Professor Haworth 
appreciated some years ago," the critical increment is a much more 
reliable guide to the structural stability of carlH»h yd rates than is the 
velocity itself. Further evidence in support of this vdew is to he found by 
comparing the hydrolysis of derivatives of the nonnal glucoses, including 
cellulose and starch, with the hydrolysis of derivatives of the " active 
glucoses, or substituted glucofuranoses. E for the former class appears to 
be insensitive to temperature, whereas E for the latter class falls with a 
rise in teinjx?rature.* 

If \vc express the velocity constant for a bimolecular n‘action in the 
form k - P . Z , where /.' is the .Arrhenius critical increment and 

Z is tlie gas-kinetic collision frequency, it is found that P sometimes varies 
from reaction to reaction. I here seems now a fairly general agreement tc* 
accept, provisionally, the classification tA bimolecular reactions into thosi* 
having fast, normal or slow rates, according as P exceeds, equals or is less 
than one In point of time, the slow reactions were first discovered • 
The next set of reactions in solution to w'hich kinetic considerations were 
applied were fast reactions.** Finally, research among some of the ohiest 
publications extant revealed the existence of a number of reactioms with 
normal velocities.” This chronological recapitulation has l>c‘<'n deemed 
necessary because the e.xistence of the fast reactions has Ix'en almost 
consistently ignored in the recent discussions of the factor /*. 7*he new 
experimental material supplied by Ihrofessrir FnmdenlH'rg in the pres<;nt 
paper should freshen our inemor>' to the fact that P is know n exjK‘rimentally 
to var>' from io~* to lo'*. These figures are not in any sense limiting 
values ; the)' are simply the smallest and largest experimental magnitudes 
of which I am personally aware. 

Professor K. Freudenberg {Ucidelbcrg], in reply, wrote : It is true 
that tin polyjieptides of glycine are more readily hydrolysed w ith increasing 
chain-length. In the same way cellulose sulfers acetolysis with acetic 
anhydride and sulphuric acid more readily than However, 

cold 50 pt^r cent, sulphuric acid hydrolyjies cellulose more slowly than 
cellobiose. It has been shown by cxj>erinjent that cellobiose has a velocity 
constant lower than triose. and triose lower than tetraose. From this it 
follows that the lx*haviour «)f cellulose is not due to the way m which it is 
brought into solution, i.c , by heterogeneous comlitions. I am amvinced 
that the solution of cellulos<? is a true solution soon after dissolution, when 
the first titration is carried out, since the solution shows no viscosity. 

The slower reaction of cellulose compared with that of the lower 
fsaccharides depends upon an increase of the activation energy, for the acti- 
vation energy of the central grou|>s is higher than that of the terminal 
groups. The phenomenrm is based on the fact that the terminal groups 
are linked to the others by an affinity energetically different from that 
with which they are linked to central groups, whereas I^ofessor Mark 
presumes e<iual energetic conditions for all linkages. This has already 
been discussed by W. Kuhn.** 

* Trans. Faraday Soc., 1928, ^4, 309, 

’ Annual Reports on the Progress of Ckemxsiry, 1929. 

^ Z. pkysihal. Chem., 1934, a6B, 281. 

• Christiansen, ibtd., 1924, 1 13A, 35. Trans. Faraday Soc., 1929, ag, 88. 

^ Chttn. Reviews, 1932, 10, 240. ** Z. Blekiroekemiit 1933, fito. 



X*RAY SPECTROGRAPHY OF POLYMERS AND 
IN PARTICULAR THOSE HAVING A RUBBER^ 
LIKE EXTENSIBILITY. 

By J. R. Katz. 

Received 13/A Aufitisf, 1935. 

1. Introduction. 

For many years H. Stauclingcr defended the theory that polymers 
have — in the simplest case — a long chain form of molecules in which a 
certain small unit repeats itself regularly along the chain, the units being 
united by primary valencies. Ilis argumeiits were not, however, at the 
beginning of 1927, sufflciently cotivincing. The decisive argument was 
forthcoming shortly afterwards by the application of X-ray spectro- 
graphy. 1 would like to begin this article by bringing a few personal 
memories about this development. 

At the meeting of the Katurforschenersammlung in Innsbruck in 
September, 1924, I first heard him defend this theory’, especially for the 
case of polyoxy-methylenes, hut also for some other cases. N\nther I 
myself nor some others to whom 1 spoke were convinced by hi.'^ v^ery 
interesting exposition. His conception seemed posible, but, many of us 
thought, not proved. And tlie whole subject did not yet look attractive 
to many of us. 

At the meeting of the Katurforscherversammlung in Diisseldorf in 
September, 1926, wliere a symposium on high molecular weight substances 
w’as held, he again defended this theory. In 1926, the interest in the 
subject had already increased a good deal, as is clearly shown by the 
fact that a .symposium on the subject had been arranged. Yet, 
Staudinger's conceptions did not seem to many of us really convincing, 
nor w’a.s the decisive value which X-ray spectrography could have for 
the subject yet understood at this meeting.’^ Under these circumstances 
there can be little doubt that the priority of the idea of the long chain 
molecules for polymers is chiefly due to H. Staudinger. 

At the time this symposium in Dusseldorf was held (Sept. 1926) 
X-ray spectrography had not yet given the decisive argument as to the 
form of the moU'Cules it would give later ; it presented on the contrarv- 
a new difficulty in understanding them. H. Mark presented this situa- 
tion, as it seemed at that moment, vcr>’ clearly in his lecture for the 
Diisseldorf sym|.H)sium.* AH the X-ray data collected between 1920 
and 1926 showed that the elementary cells of the cr>*stals of all the high 
molecular WTight 5ubstance.s then investigated {cellulose, stretched rubber, 
silk fibroin, etc.) are small, their weight not exceeding 800 times that of 
a hydrogen atom. Yet much physico-chemical and chemical evidence 
points to the fact that these substances, including highly polymerised 
synthetic polymers, have on the contrary a very high molecular weight, 

t K. Staudinger^ Berickts, 1926. 3019, containing his lecture at Dusseldorf. 

* Se# the lecture of H. Mark Berichie, 1926. 59, 2982, 
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ranging in the tens or hundreds of thousands* It was still doubtful at 
the Diisseldorf meeting how this fundamental contradiction could be 
explained. 

Some of us \vho worked on the X-ray spectrography of high molecular 
weight substances had discussed as one of the possibilities, the assump- 
tion that the molecules might perhaps be very much longer than the 
elementary cell of the crystals. M. Polanyi (1921) and R. 0 . Herzog 
(1921) ® early in the development of the X-ray spectrography of the high 
molecular weight substances discussed the possibility of such an assump- 
tion, without however deciding in its favour. I myself in 1924, in writing 
my first surv^ey on X-ray spectrography of swelling, discussed the same 
hypothesis.^ And in 1925, in describing the X-ray phenomena obtained 
in stretching rubber, I even made this same a.ssumption as the probable 
explanation.* K. Weissenberg discussed the same possibility in 1925.® 
Yet none of us worked this idea out completely for one substance. 

In June, 1926, however, a young Californian botanist, O. L. Sponslcr, 
made this next step 7 In the American Colloid Symposium, June, 1926, 
held at the Massachusetts Institute of Technology at Cambridge, Mass., 
he brought a complete picture of the cellulose molecule and how* it lies 
in the elementary cell. He visualised the unit which repeats itself, the 
CeH|o 05 , as a pyranose ring, the side chain — rH20H being turned alter- 
nately to the left and the right, the unit being joined by primary valencies 
(glucosidic bindings) to a chain form molecule. This molecule is orry 
much longer than the elementary* cell. He described, using Bragg’s sphere 
models, how the carbon and oxygen atoms lie iji the elementary cell. 

This w'as the first full picture which sho\vecl how to combine the 
assumption of the long chain molecule with the small elementary* cell 
found by the X-ray workers and as .such has now* become a classic (al- 
though later Kurt H. Meyer and H. Mark had to make some changes in 
Sponsler’s picture for cellulose, because they seemed more probable.**) 

Then, in 1927 G. Mie and J. Hengstenberg,* working in close colL»- 
boration with H. Staudinger made the decisive step. (Shoitly after- 
wards, in 1928, Emil Ott, working also w*ith H. Staudinger’s .substance^j, 
came in principle to the same conclusions.^®) They found the following 
fundamental facts. The polyoxymethydenes, polymerisation products 
of formaldehyde, have according to the chemical investigations of H. 
Staudinger and his collaborators the chemical structure : 

H H H H 

HC>-0 0-~-C— O . . . C— O— 

H H H H 

• M. Polanyi* Naturwissenschajten, 1921, 9» ; R. O. Herzog and W. Jancke* 

angew. chem., 2921, 34, 385. 

< J. R. Katz, Ergebn, exakt, Naturw,, 2924, 3» 363. 

J. R. Katz, Naiurwissenschapen, 1925, 13, 1411 ; Erg^b, exakt. NaiurxsK, 
1925, 4, 169. 

• K, Wemenberg* Z, Kri&tallographie, 1925, 63 ^ 13 and 52 ; Z. Physvk, 1925, 
34, 402, 406, 433. 

’ O. L. Sponsler and W. H. Dore, Colloid Symposium Monograph, 1926, 4, 174. 

• Kurt H. Meyer and H. Mark, Berichtt, 1928. 6l» 593. 

• H. Staudinger, H. Johner, and R, Signer, G. Mie and J, Hengstenberg, Z, 
physih. Chem., 1927, 126, 425 ; H. Hengstenberg. Ann, Physik,, (4), 1927, H4, 243. 

^•Emil Ott, Helv. chim. Acta, 1928, 11, 300 : see later also, Science, 1930, 
71, 465; Z, physik. Chem. 1930* 9®, 378. 

H. Staudinger, H. Signer, H. Johner, M. Liithy, W. Kem, D. Russidis and 
O. Schweitzer, Ann. Chem., 1929, 474, 145-275. 
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H chain form molecule ending on both sides in a hydroxyl group. These 
hydroxyl groups can either be acetylated or methylated and then can 
show, e.g. by determination of the number of acetyl groups the length 
of the chain. It proved to be possible to separate the different polymers 
from the mixture to such an extent that they seemed to be — on chemical 
analysis, as specified above— pure cliemical substances. 

On the other 
hand, one can de- 
termine the length 
of the chain by 
X - ray investiga- 
tions, and show 
that it increases Fig. i. 

proportionally to 

the number of CH^^O-groups, determined by the chemical method. 

The main X-nty interferences of these different pure polymers are 
approximately the same, but there are a few central interferences which 
differ characteristically with the number of CH20-groups present in the 
polymer. The authors explained this characteristic fact by assuming 
that the interferences wliich are approximately the same in all the 

H 

polymers are given bv the unit — C — O — which repeats itself regularly 

H 



along the chain form molecule. The variable interferences measure 

the length of the chain, they 
/ are the different orders of 

/ reflection of this length (or 
of a quantity directly related 
with itj. Fig. I shows dia- 
grammatically the X-ray 
pattern of a pure poly- 
/ oxymcthylenc diacetate (at 

random distribution of the 
cr>'stals). A| to A4 are the 
jr first to fourth orders of re- 

flection. The length of the 
molecule, as calculated from 
the A-interferenccs, is showm 
in Tig. 2. As it is a straight 
' j » ^ /X 57 line, i)ie length of the molecule 

Fig. 2. as it lies in the crystalline 

lattice is proportional to the 
number of CH^O-units ; therefore this molecule must have^ in the crystal^ 
approximately the form of a long straight rod. This X-ray result has to 
be considered as the first direct experimental evidence of Staudinger’s 
hypothesis, and a decisive one. The length of one CH^O-group was 
approximately i*9 A.U, 

These results were obtained with polymethylene diacetates, and 
with polymethylenc dimethyl ethers. By pressing the material the 
crystals could sometimes be oriented parallel, and therefore fibre diagrams 
could be obtained ; or the material had primarily the fibre form. 

While in the case of the lower polymers (for instance, with 10 to 20 


CHgO-groups) the length of the molecule could be studied, this method 
failed in the case of the higher polymers. Here it was not possible to 




8o X^RAY SPECTROGRAPHY OF POLYMERS 

separate the polymers into fractions having each one single chain length.^ 
Such complex mixtures now showed a very interesting phenomenon. 
The small inlerference rings related with the length of the molectUe were 
failing. This experience is especially interesting, as they have never 
been found in natural highpolymeric substances (like cellulose, rubber) 
and many synthetic polymers. So we are led to the assumption that in 
all such cases where these interference rings fail there are mixed crystals 
built up by molecules of such a different length that these interferences 
cannot be formed. Staudinger at once applied these results to cellulose, 
asserting that it had in principle the same structure. 

The publications of Kurt H. Meyer and H. Mark in 1928^ — see para- 
graph 2 — then brought a second experimental evidence for the hypothesis 
of a long chain molecule, this time of a more complicated nature. The 
authors worked out its meaning explicitly for cellulose, niblK*r, chit in 
and silk fibroin and made a very important contribution. 

The spreading of some high polymeric substance.s (especially cellulose 
ethers) in a monomolecular film on a water surface, in films of reproducible 
thickness and only one hydrocarbon chain thick, which I was able to 
make in 1928 together with P. 1 . P. Samwel, may be considered as a 
third experimental argument for the long chain molecule. The homo- 
geneity of the monomolecular films was doubted ; but it was proved 
to exist in a number of cases by H. Zocher and F. Stiebel.'* Only their 
additional research made this experimental evidence fully convincing. 

2. The Analysis of Crystalline Patterns of Synthetic Polymers. 

A number of polymers can show a cry’^stalline pattern ; some others 
have only been found with an amorphous pattern. Some will only give 
a cry'stalline pattern when stretched, while they arc amorphou.s in the 
unstretched form ; this latter category^ we shall discuss later. 

There is, however, in principle, no difference in the analysis of a 
fibre pattern in both cases. 

Crystalline polymers are found, for instance, in the case of poly- 
oxy methylenes, polyoxyethylenes, etc. Thiokol (poly ethylene- tetra- 
sulphide), polychloroprene, pc»lybromoprene, polyiodoprene can be found 
in the cr\’stalline condition, but also in the amorphous state, More- 
over, the polyesters, etc., of W. H. Carothers are often cry^stalline. 

In all these cases, w hen we want to calculate the elementary^ cell of the 
crystal, we have to remember the following principles : 

(i») When there is a random orientation of the crystals, it is in almost 
all ca.ses impossible to derive any calculation about the elementary cell. 

(i) When we can get all the cr>'stals exactly parallelised, and when 
they have a sharp lattice, we can get a good fibre pattern. The paral- 
lelism can be effected either by stretching or by pressure ; in both cases 
a somewhat plastic condition may be advantageous, or an clastic one in 
other cases. 

“ See, however, Emil Ott. Z. physik. Chem. 1930, 378, who studied long 

cli^n polymers in which all the molecoles seemed to j^ve the same length. In 
a paraformaldehyde/' found a chain length of 6a-6 A.U., for a y-poly- 

methylene oxide one of 113 A.U. 

“ J. R. Katz and P. J. P, Samwel, Naiurwiss., igzS, 16, 392 ; Ann. Chem,, 
1929* 47 ^* ^ 4 * I Zocher and F. Stiebel, Z, physik. Chem.^ ^930. i47At 401 ; 
N. K. Adam, Trans. Faraday Soc., 1932, a9« 90. 

»*Thiola)h polychloroprene. polybromoprene can either crystallise spon- 
taneously or become crystallised by stretching. The two kinds of crystal are 
not necessarily always the same. 
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(c) In special cases, for instance when stretching very thin films, we 
may get a higher degree of orientation of the crystals ; for instance, not 
only is a fibre diagram found when such a stretched Mm is investigated 
with a primary beam of monochromatic X-rays, perpendicular to the 
surface of the film, but another regular arrangement will be found when 
investigated parallel to the surface of the film. 

In the case mentioned under (r) there is a higher degree of probability 
of finding the real elementary' cell than in case {b). I have analysed these 
facts in my book, Die Rdntgenspektrographie als Unierstichungmeifwde 
bet hockmolekuiaren Sunstazen^ bei KoUdden und bei tierischen und pfianz- 
lichen Geuteben}^^ It seems unnecessary to give here more than a short 
outline of the discussion given there. Really certain results can only 
be obtained with macroscopic single cry^stals ; and those cannot be 
prepared — it seems now - in the case of most substances of a very high 
molecular weight.^* 

In the cases mentioned under [b) and (f) it is not possible mth real 
certainty to calculate the elemedary cell of the crystal ; the only thing we 
can calculate unth full certainty is the period of identity in the fibre axis ; 
but the two axes perpendicular to the fibre axis and the angle betueen them 
cannot be calculated with real certainty from a fibre diagram (even in case 
(r)). If one investigates, however, tor many years one single substance 
(as R. 0 . Herzog’s sdiool did with cellulose) one can come to a good 
approximate degree of certainty in the solution one has found. One must 
be sure to have fotind all the interferences (including the very weak ones) 
which can be made visible ; one nmst be certain that they are not due 
to secondary' factors, etc. 

The uncertainty of thi*^ kind of lesults in other cases, can be best 
shown by a pra<'tK'al example. H. Mark — t:ertainly one of the best 
workers in the field — has calculated together with G. von Susich the ele- 
menlary' cell of stretched rubber from the fibre diagram using thin films 
(see under (c)). He found (hat the lattice has place for seven isoprene 
groups, while the number ought to have been eight. In order to reconcile 
this contradiction, the authors have to assume that pure rubber has a 
specific weight 10-15 cent, larger than actually found. All my 
rubber friends agrt*e with me (hat such a high specific w'eight for racked 
rubber is extremely improl>ahle, 

I would, therefore, advise young investigators to be very' reticent in 
undertaking such determinatious — unless they'' are content to get only 
a probable solution of the problem and in their publicaMon explicitly 
state so — and not to publish until they have studied many fibre dia- 
grams of their substance made under different circumstances. 

The elementary' ceil once found ’* we can proceed to the location of 
the molecules in it, if the structural formula of the organic compound 
is sufficiently known. This is a still more delicate procedure than the 
calculation of the elementary cell. It requires a thorough knowledge of 
crystallography of organic substances to make a good guess, and often 
— I am sorry to say — is done without an approximate comparison of 
the relative inte.nsities of the interferences. 

In this way we can only come to a probable solution of the problem 
and no more. If this is duly emphasised in the publication, nothing is 

Berlin and Wien, 1934* Urban and Schwarzenberg. 

Compare, however, the targe oxyhemoglobin cryttais made by M. Arthus 
and others {7 mm, and over more), s.g. bv alcohol dialysis of a solution in water. 

** H. Mark and G, von Susich, Koll, i,, 1938, 11. 
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to be said against this procedure. But if it is insufficiently emphasised 
— as nowadays not rarely happens — then it has the danger of making 
outsiders give much more credit to these results than they deserve. In 
this way we are in danger of coming to a construction of results which 
are not well-grounded and yet materially influence our trend of thought. 

On the other hand, it ought to be emphasised that the basic work of 
this kind on cellulose, rubber, chitin of Kurt H. Meyer and H. Mark*^ in 
1928, and the one on polymethylene diacetate, etc., has been an import- 
ant service to science. 

It must not be forgotten that this work of Meyer and Mark has 
very much contributed to the present day general acceptance of the 
conception of the long chain molecules, and that it brought to light 
many other new points of view. These researches have shown us what 
furm the molecules of some of the most important high polymeric sub- 
.Ntances very" probably have and how they probably lie in the elementary 
cells. ICspecially in teaching the subject, there is a great advantage 
compared with the situation ten years ago. We then had to tell our 
students that we did not understand very much about the structure of 
these substances. That was very discoimiging. Now we can tell them, 
look here, this is the probable form of the molecule and this is their 
probable place in the crystalline lattice; may be all this is not perfectly 
certain but it is at least a very good first approximation to tlie truth, an 
example how things might be.’* Where the work so relied on is ba.scd 
on pretty solid ground this is a great advantage in teaching. And not 
only in teaching but in many other cases where application ot thi-S picture 
of the facts proves useful in colloid chemistry or in indust r>\ It gives 
us at least a first approximative picture of the tnith, 

3. Results of X*ray Analysis of Crystalline Synthetic 
Polymerisates. 

Except for the polyoxymethylene derivatives where Mie-Hengsten- 
berg • and Emil Ott got about the same but slightly divergent results, 
only a few substance.s in the group of synthetic polymers have been 
sufficiently investigated. Here a large field lor further investigation lies 
open. I would draw attention to some interesting conclusions drawn 
by Edwin Sauter out of the X-ray analysis of polyethylene and poly- 
methylcnc-oxides.^® 

Especially promising, I believe, is the group of the polyesters .syn- 
thesised by W. H. Carothers and collaborators, as. e.g,, the polye.stcr 
of sebacic acid and ethylene glycol. As we can systematically vary 
both the number of carbon atoms of the dibasic acid and of the dialcohol, 
we could get a homologous series of polyesters. Here the calculation 
of the two axes perpendicular to tlie fibre iixis would lead to the 
possibility of a check on the figures got for each of the individual 
polyesters, by comparison. (Polymorphism would have to be carefully 
taken into consideration as a possible complication.) Then the results 
calculated for, let us say, ten or fifteen different polyesters W’ould be 
far less uncertain than the result calculated for one single term of the 
series. 

The same could be done for analogous substances synthesised by 

Kurt H. Meyer and H. Mark, Ber., 19^8. 61 ; for cellulose p. 593 ; for rubber, 
P- 1939; for chitin, p. 1928. 

Edwin Sauter, Z. physik. Chem., 1933, a 1 8, 161 and 186. 
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Carothcfi?, Hill and collaborators, such as polydibasic acid anhydrides, 
polyamino acids, etc. 

This would be a lengthy piece of work, but it might help us, perhaps 
more than anything else, to understand better than we do now, how much 
value lias to be given to the calculations of the elementary*' cell and the 
position of the molecules in it now made more and more for different 
high molecular weight suVistanccs. 

4. The Analysis of Amorphous Patterns of Synthetic 

Polymers. 

Here the uncertainty of the conclusions is much greater than in the 
case of crystalline fibre diagram-. But as in that case, an approxi- 
mative picture of the truth may be gained, if care and discretion is 
used in applying the method of analysis. 

The analyhi.s of the amorphous polymers seems especially interesting 
ill thr c,<5e of rubber and other substances which “ cry's tallisc ** on 
stretching. We shall come back to this question in paragraphs 6 and 7. 
The “ tuiiorphous unstretched rubber ” must contain in its “ amorphous 
structure in some way (at present tiot understood) a preformation of 
the higiily' parallelized and three-dimensionally ordered structure in 
w'hirh the molecules lie when the rubber ha-, been stretched. 

Tliis U the reason why I undertook m 1926 tlie study" of the amorphous 
pattern- of rubber and polymers and compared them with the X-ray 
patterns of about 4(X) organic liquids. I hoped by" the compari.son of 
both groups of patterns to find a method of approach for the study of 
amorf>hou'‘ polymcrisates, 

I nliappily tiie results of thi^ n -earch have not \"et been duly’ published. 
A review of tlie work done on a part of the large number of organic 
liquids was published in Dutch in I. Selman’s doctor’s thesis (Amsterdam, 
1032 ,. A >iiort review of our work on organic liquid.*^ — in an initial state 
ot the work^ was published at tlie beginning of 1928. Many of the 
resuit- j>ublisiuxl there were arrived at independently of G. W. Stewart 
and ot < . \*. Raman’s pupils. On the other hand, their work corroborates 
and (nLiTge- our collection ot X-ray negatives kept for the analysis of 
amorphou*^ polymers. We came independently to the same conclusion, 
tiiat the nioleiules in a liquid lie in parallel groups — each molecule 
changing const .mtly from one group to the other — while the axes of 
these groups lie distributed at random, and that the average form of 
the molecule is more rigid than was formerly assumed. 

A< matter ol fact, I have about 400 X-ray’ patterns of w’ell-chosen 
organic liquid.*'^ to compare with the pattern of the polymers ; and this 
compari-on often leads to an analysis of the pattern of the polymer. 
As a simple < xample of this kind of analy-sis, let me give an analysis 
of the tour typical types of poly^mers described by Harries in 1912 in his 
clas.sif .d rcsrarclics on the polymerisation of butadiene, isoprene, .uid 
dimethyl-butadiene. Butadiene, isoprene, dimethylbutadicne have, as is 
known, the .structural formulae : 

butadiene CHj— CH . isoprene CH,— CH . C'—CHt 

CH, 

jSy-dimethyl butadiene CH*- C . C— CH, 

CH3 CH, 

J, R. Kat«, 2 , angem, Chemie, 1928. 41, 327. 
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These three liquids give X-ray patterns of the same type ; the chief 
amorphous ring having a period of identity, calculated according to the 
Bragg formula, of 

Butadiene 4-6 A.U. 

Isoprene ........ 4*9 A.U, 

Dimethybutadiene ...... 5*3 A.U. 

Consulting the patterns of the other organic liquids, we can explain what 
these numbers mean. The distance, 4*65 A.U., is the distance we always 
find for a liquid having straight, not ramified carbon chains as mole- 
cules, if this chain is 4 carbon atoms long or longer (however long it may 
be). It is the same for hydrocarbons, ketones, alcohols, acids, mercaptans 
(the other group being attached to one end of the hydrocarbon chain). 
In the picture to which Stewart, Raman’s pupils and I have come, this 
means that in all these liquids the molecules lie in little groups of parallel 
molecules, the distance of these parallel molecules in the direction per- 
pendicular to the parallelism being just 4*65 A.U. 

Now', if the hydrocarbon or alcohol- having a straight chain of at 
least four hydrocarbons — ^lias one or tw'o methyl groups us side chains, 
w'hat do we find ? stick an increase in distance as u'e have found for 

the butadienes : o-3-o*4 A.U. for one ntethyl group, 0*6-07 A.U. for two 
methyl groups. In the picture of a liquid to which both .Stewart, 
Raman’s pupils and I have come, this means that the increased distance 
betw'een parallel hydrocarbon chains in the small groups is o*3-o*4 A.U. 
larger for one methyl group, 0*6-07 for two. 

In this picture, the amorphous patterns of the three liquid btitadienes 
are easily understandable. 

Now, if these substances polymerise on being heated, what changes 
happen in their molecules? According to Staudinger, the following 
substances are formed : 

Butadiene thermal polymer — CH, . . CHgCH, — CH '^CH , CH, — , etc. 

Isoprene thermal polymer — CH, . CH='C . CH,CH, . CH-^C . CH, — ,etc. 

CH, CH, 

Dimethyl butadiene thermal polymer : 

— CH, . C C . CH,CH, . C -- C . CH,- , etc. 

j I i I 

CH,CH, CH,CH, 

li7ia/ kind of amorphous patterns have these thermal polymers ? Practically 
the same patterns as the liquids from which they were polymerised.^ For 
the period of identity of the chief ring calculated according to the Bragg 
formula, we found : 

Butadiene thermal polymer ..... 4*6 A.U. 

Isoprene „ „ 4*9 

Dimethylbutadiene . . . . -5*3 m 

An astonishing fact, that these low boiling liquid butadienes almost have the 
same amorphous pattern as the thermal polymers made from them / But this 
is just the consequence of the Staudinger formulae ; just what one would 
have to expect on the basis of these formulae. Remember, the distance 
between the molecules in the groups {perpendicular to the chief chain) is 

*•7. R, Katz, Z.physih. Chem., 1927, 125, 321 ; J. R. Katz, J. Selman and 
Lottellse Heyne, Z. Kautschuk, 1927* 214. 
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independent of the length of the chief chain, if this is at least four carbon 
atoms long. 

Now, if we make the three other polymers described by f^arries in 
1912, what do we find ? Harries distinguished the following three 
polymers : 

(a) What wc now call the Kondakow-polymer (which grows slowdy in 
the liquid in a form resembling a cauliflower, at room temperature). 

(b) The sodium polymerisaie^ made by the interaction of metallic 
sodium on the liquid butadiene. 

(r) The sodium carbonic -acid polymer i sate ^ made by the introduction 
of metallic sodium in a liquid saturated with carbonic acid. 

It was found by him and often rorroborated by others that {b) and (r) 
are very*' different substances ; their ozonides, for instance, split with 
warm water into very different substanee-. On the contrary, (a), (r) and 
the thermal polynieri^ate show a good deal of analogy with one another. 

Now, what does X-ray spectrography >how } That the Kondakow 
.uiil the sodium-carbonic-arid polymer^ have practically the same 
amorphr)us X-ray pattern as the thermal polymers, while the sodium 
pohnners have a totally different amorphous pattern^ very different from the 
liquid patterns. 'I'liis corresponds pn^tty well with the different splitting 
up of the o/onides of the sodium polynvT< observed by Harries and with 
a number of facts described in lat<'r year- The X-ray patterns of the 
MKlium polymers seems to show — by comparison witli the patterns of 
certain organic tlu* chief straiglit carbon chain carries a 

largr number of carbon chains wiiich must be longer tiian one carbon 
<itom. Some fact- from organic ehemi-try* seem to point in the same 
direction. 

In the '<ame way the phenol-tormaldehydc polymers might be analysed 
iiy comparison with the liquid patterns of the phenols, especially if the 
side chains of the plienols are systematically varied. R. Houwink has 
already begun make an investigation of this kind.*^ Here, as Kurt 
H. Meyer and H. Mark tir.-t unphasi^ed, the molecule might have the 
form of a large flat di-r. 

The more 1 have had i)u‘ opporruniiy to study amorphous polymers 
ot different kinds, either Irom a scientmc or from a technical point of 
view, the more I have lound the comparison witli the patterns of a large 
number of i>rgamc liquids a fruitful method. In the course of years one 
learns to build out one’s collection of organic liquids in the direction in 
whirh one wants And generally one is able on this b<isis to give 

an interpretation of the amorphous pattern of the polymer. 

" R. Howwink. Phystk. Pi^rnsch. u Fetnban. v. Xaiur -k. Kunstkarzen, 
Leipzig, 1034. 

**ln recent years H E. Warren has devtdojK'd a somewhat different method 
of analysis of liquid pjattems than Stewart. Raman's pmpils and I have used. 
The pattern taken up m vacuo with purely monochromatic light is anah-sed by 
the photometer and the intensity curve analysed by Fourier anaK’sxs. An 
appljcation of this method to the analysis of the amorphous pattern of rubber 
has just been announced (see Physical Review, 1035, 47^ 8ovS), but not yet pub- 
lished at suflicient length to cximpare it with our coucep>tion. It shows in prin. 
ciple three periods of identity to exist in the rubber, the period of 4*9 A.U- 
mentioned aoove is interpreted as tire shortest distance of a carbon atom from 
the next carbon atom of an adjacent chain, the tw'o others as intramolecular 
periods of identity (of a carbon atom to the next, on to the next but one carbon 
atom of the chain). Warren's method is. I believe, a very promising one. 
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5. Amorphous Patterns of S 3 mthetic Polymers. 

In the case of a number of polymerisations the amorphous pattern 
of the polymer is not simply the same as in the non -polymerised liquid. 
It can be different, according to our observations in the year 1927, 
and in two different ways.** 

(1) Either it is entirely different — as already described for the sodium 
polymers of the butadienes ; this behaviour is found in polymerisation 
of vinyl acetate to polyvinyl acetate, or of methyl acr>datc to poly- 
methyl acrylate ; or 

(2) All the interferences of the liquid are found again in the amor- 
phous pattern of the polymer, but one ring of small diameter added, 
which I have called the poh'inerisation ring. This behaviour is found in 
styrene-polystyrene ; cumarone, polycumarone ; indene, polyiiulene. 
Liquid styrene, for instance, has an amorphous ring d - - 4*8^ A.U., 
metastyrene the same ring d -- 4*8^ ; but, in addition, a Mnall ring 
d == 10*0 A.U, (Figs. 3 and 4). Just so liquid indene has an amorphous 
ring d ^ 5*i^ A.U., while polyindene has the same ring, but in .iddition 
a small ring d ---- lO-i A.L. 



Fig. 3. — Styrene. 



F IG. 4 , ~ Polystyrene. 


It has been difficult, for a lung time, to understand the nuMiiir*g of 
this polymerisation ring. In the case of polystyrene, liuviever, it has 
been cleared up a good deal in the course of the last year by the tact that 
C. S. Fuller and 1 were able — by stretching polystyrene without making 
it cr\\‘italline — to .split the polymerisation ring into two equatoral 
maxima,*^ This «-eem.s to indicate, as in the case of the splitting of the 
mesomorphic ring of p-azoxyanisole in a magnetic field, that the long 
molecules arc oriented by the stretching, with their longest direction in 
the direction of the stretch. According to Staudingcr polystyrene must 
have the formula 


ril— CH, — C'H ~ CHa— CIL-CH,’ 


sy 




lo-o A.U. 


The distance between two paralkd chains might easily be lo-o A.U. 


«J. R. Katz. J. Selman and Lottelise Heyne, Z, Kauhehuk, 217; 

Z. physik. Cham., 1927, 125, 321. 

Probably Miss M. HbbnemOrder, Z. KaiUsckuk, 1927, 106 and i2t> has made 
the same observations as we. Hut I am not sure that her pattenis do not show 
a change through stretching which goes iurther than ours, perhaps incipient 
crystallisation. 


J. R. KATZ 
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In the liquid benzene derivatives the flat benzene rings probably lie 
like a roll of coins on one another ; we must assume, as all the inter- 
ferences of the liquid styrene are found again practically unchanged in 
the polystyrene, that the flat benzene rings lie very much in the same- 
way in the amorphous polymerisation product. But because of the 
polymerisation a new period of identity is found, 
which >ve have tried to explain in the above- 
mentioned way. 

A very interesting change of the amorphous 
patterns through stretching is observed when 
stretching certain samples of polyvinyl acetate. 

At room temperature they are resinous, at 
100® C. tlie substance is elastic like a piece of 
rubber. When stretched the .substance does 
not “ cr^^stallise,” but the inner one of the two 
amorphous rings develops two equatorial in- Fig. 5. 

tensity maxima (Fig. 5). This inner ring lias a 

d = 7*0* A.U. According to the theory of Staudinger the formula of 
polyvinyl acetate is probably 

CH -CIl, ( M-CIlj (M CH," 

() 0 0 

; o» A.U. 

(■=.-0 (=.---0 C-:(.) 

I I 

(H, ni, CH3 

As the inner ring develops two equatori il maxima of intensity on stretch- 
ing, probably the- cliief chains orient themselves parallel to the direction 
of the stretch. The distance J-o'* may correspond to the distance between 
the two parrillel hydrocarbon chains. The outer ring d = 4*0^ A.U. is 
more difficult to exjilain jurhap- it is the distance between adjacent 
acetvl side chains. 

Queerly enough, many polmcr.-, for instance, isoprene thermal 
polymer, polymethyl acrylate, etc., do not show' any change in their 
X-rav [>attern, an amorplious one, when they are stretched. Such 
substances should, however, once stretched, be cooled down at once in 
liquid air and be investigatc<l at its temperature. The relaxation then 
would be prevented, and one may perhaps observe a change in X-ray 
pattern which now escapes us. 

6. ** Amorphous Rubber when Stretched 

as a Comparison for Synthetic Substances which Behave 
in an Analogous Way. 

Before describing the X-ray phenomena observed w’hen synthetic 
polymers with a rubbcr-like elasticity are stretched, it is necessar>^ to 
de.seribe shortly the X-ray phenomena which have been observed in 
the stretching of natural rubl>er. In these synthetic substances fre- 
quently the “ crvcstallisalion phenomena are not so fully developed; 
they are more rudimentary than in the natural substance. We sh«dl in 
the next paragraph try to indicate how and why. 

In 1924, while playing with an ordinary rubber band, I accidentally 
observed that it was transparent when unstretched and regularly became 
opaque when stretched. 1 made a wild guess : something unmixes and 
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becomes opaque like a phenol-water mixture which is cooled off. So 
I made an X-ray experiment and really found that a new “ phase,” in the 
sense of the phase rule, was formed by stretching the rubber. This phase 
is a '' crystalline ” one and all the little ” crystals ” are parallel (with the 
same crystallographical axis) to the direction of stretch. The X-ray 
pattern of the unstretched rubber w’as ” amorphous,” while that of the 
stretched rubber was a ‘‘ crystalline ” fibre pattern, — superimposed ovei 
a weakened amorphous ring. 

The fibre pattern shows, moreover, that the rubber must have acquired 
a fibre structure by being stretched. And that this was the case was also 
shown by L. Hock by freezing the rubber in liquid air and then hammer- 
ing it ; the fissures will all lie in the direction of the stretch, while in 
unstretched rubber they will lie distributed at random,*^® 

In stretcliiag the rubber 1 found there was a critical stretch {about So 



Fjg. 0. 


Fig. 7. 


elongation. In these elongations l)ciow .So per cent, the rubber mole- 
cules get already oriented in the direction of tiie stress; but they do not 
yet ” crystallise ” : arrange themselves into a three-dimensional lattice. 

This ” crystalli.sation ” I concluded must be the chief component of 
the Joule heat of rubber, the heat developed by rubber when stretched 
(as every transition of amorphous to crystalline must give a good deal 
of heat). 

These X-ray phenomena of stretched rubber 1 first described and 
developed^ in two journals which are not much read in England and 
America.*^ My experiments were soon confirmed and further developed 
by other authors.** 

L. Hock. Z. Elektrochemte, 1925, 404 ; Z. Kauischuk, Oct., 1925. 

** Naturwissenschaften, 1925- »3r 411 ; and GummuZeUung, 1927, 41, Nos. 
36 and 37. 

••E. A. Hauser and H. Mark, Kolloidchem. BeihefUt 1926, aa, 88: G. L, 
Clark, J. Tnd. Eng. Chem., 1926, 18, 1131. 
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The arrangement and parallelisation of the rubber molecules below 
the critical elongation was investigated at my instigation by W, C. van 
Geel and Miss J. G. Eymers.^" Below the critical elongation the optical 
anisotropy depends (through .m S form curve) on the elongation ; then 
there is a sharp break, a real discontinuity in the curve : and above thr 
critical elongation the optical anisotropy is strictly proportional to further 
increase in elongation (Fig. 6). 

The heat developed through tlie “ crystallisation ” is zero till the 
critical elongation is readied. Then it is strictly proportional to 
further increase in the elongation (L. Hock and S, Bostrbm).*® (Fig. ; . 
The intensity of the “ ciy’stalline ” interferences depends in the same 
linear way on “ the amount of elongation above the critical point 
(Bh A, Hauser and H. Mark). 

7. Rubber-llke Synthetical Substances which ‘"Crystallise ” 

when Stretched. 

(а) Polyvinyl Alcohol. 

Several amorphous polymers have been studied lately which giw .> 
good fibre diagram on being stretclied. Polyvinyl- alcohol in a certain state 
of polymerisation a certain temperature was described as giving 
perfectly sharp fibre diagram when stretched (B'. Halle). A picture of 
the fibre diagram is given, but further details are lacking in the pre- 
liminary publication.®^ It would be especially valuable to know if there 
is a sharp critical elongation, and if curves Figs. 6 and 7 are the same for 
polyvinyl-alcohol as for rubber. 

(б) Polyethylene Tetrasulphide (thiokol). 

( *. S. B'uller and I studied recently the X-ray pattern of polyethylene 
tetrasulphide {thiokol). B'rom tlie a^ yet unpublished article 1 may quote 
the following facts. It is generally found “ frozen,” that is to .‘^ay, 
crystalline: it is then hard, brittle, inelastic. When heated above 70® C. 
it melts, and then becomes an clastic rubber-like substance, u.scd in 
industry^ becaii.se it is a riibber-like body which is resistant against oil 
.and organic solvents. It is made by interaction of ClCHj . CBi^Cl with 
NajS4, and forms a polymer (mucii in the same way as Carother’s poly- 
esters) liaving the empirical composition [CH2 . where n 15 a 

veiy large number. 

In the frozen condition it has a crystalline pattern ; in the un- 
stretchecl rubber-like form it has an amorphous pattern consisting ot 
two amorphous rings [d^ ^ 10 A.U., d^ = 4*6® A.U.), 

When stretched, the substance behaves like rubber. It then give> a 
beautiful crystalline fibre pattern, having very sharp interference spot-. 
The period of identity b in the direction of the. fibre axis is 4-32 A.l 
or probably double this. Treated with a 10 per cent, sodium sulphite 
solution, one half ot its sulphur is taken aw^ay. It then has tlie compo>i- 
tion [CH2^‘H^J ; this has a period of identity in the fibre axis twice as 

\V. C. van Geel and J. C. Eymers, Z. physik, Chem., 1929, B3, 240. 

*• S. BostrOm, Kolloidchem. Beihejte, I928» 36 » 439. 

E. A. Hauser and H. Mark. he. cU. 

Fr. Halle, KoUoid. Z.. Dec., 1934- 

During in y stay as a Baker non-resident lecturer in (. ovnell Unix erMt\ in 
the first term of 1934-1935- 
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large. We tried to calculate the elementary cell and found as a possible 
solution a monoclinic space lattice 

a = 8*68 A.U. 
b = 8-64 A.U, or 4 32 A.U. 
c — - 5-o> A.U. 
jS - 87^; 

in which two, or one group C2H4S4 is present per unit cell ; these figures 
have to be taken with all the reserv'e mentioned in paragraph 2. The 
unit cell probably has the larger .size and contains two CJH4S4 units; 
but no interference have so far been found in the tctrasulphide, forcing 
iL-to make this assumption. 

Important evideiu e can, liowevcr, be drawn from the value 4*32 A.U,, 
Uuind for the period of identity in the fibre axi.s. Two formula* seem 
possible for the polytetrasulphide. Eitlier it is 

ur 

dig i'Ho -S S 
S S S .s 

The X-ray pattern forces tis to give up the first formiiia and to accept the 
second ; the unit of the first is far too long to fit in the flimension 4*32 A.U., 
while CH2 . CH2 . S . S. just fits in well. The two other sulphur^ must 
then be loosely attached, not forming a part of th(‘ chief valency chain. 
This corresponds very well with Patrick’.s observMtion, that oru* lialf of 
the sulphur can be easily taken away as by a 10 per cent, sulphite solution. 
This disulphide has a period of identity in the direction of the fibre 
twice as great as the tetrasulphidc. 

In the polyethylenesulphide series we h.ive again the same advantage 
m the polyester .scries mentioned in paragraph 3, Instead of ethylene, 
Patrick has furnished us with methylene or propylene, giving ]>oIy- 
niethylene-tetra-sulphide or polypropylene tetrasulplude. If our lattice 
!s well calculated, there ought to be logical clianges when Cf)mparing 
these substance.'- The .sulphur content can, moreover, be made larger or 
^maller, oxygen can be added, etc., so a good check on the lattice^ calcu- 
li fed i.s possible. 

We are now working on this programme. Determinations of the 
critical elongation, or like Figs. 6 and 7, have not yet been made, but will 
l)e made soon. 

(c) Polychloroprene (Du Prene) and Poiybromoprene* 

Kenney has found that these .sul)^tance^ are amorphous in the tin* 
.'t retched condition, while they have a cry^-stalline fibre diagram super- 
imposed over a weakemxl <imorphou' ring when it i*i stret<'hed. The 
period of identity in the fibre axis is 4-9 A. I’., .showing that we have to 
do with a trans-iorm like gutta-percha hydrocarbon and not with a cis- 
form like rubber hydrocarbon (the unit would then have an approximate 
length of 4*1 A.U.).®^ Polychloroprene therefore is a derivative of gutta- 
percha hydrocarbon and not of rubber. The fibre pattern has a ciiaracter* 
i^tic property : while the efjuatorial interfcrence.s are very sharp, the layer 

**See W. H. Carothers, 1 . Williams and J. S. Kirby. / Amer. Chem. Soc . 

1931. 53 f 4203 25. 

»» According to the conception of Kurt H. Meyer and H. Mark. 
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line interferences have a varying degree of unsharpness ; there is probably 
some further complication in tlie problem than we have stated above. 
1 have made many X-ray pictures of these substances and can corroborate 
these observ^ations and conclusions out of my own experience. I hope 
soon to come back to these substances in an explicit publication. 

(d) Methyl Rubber [thermal polymer of py dimethylbiUadie^ie). 

This substance gives — as we have ‘^hown in 1927 fibre diagram on 
stretching ; but this diagram was not fully developed. The sharpness of 
the fibre pattern depends on the sample of mt‘rhyl rubber investigated. 
L, Hock using another sample did not find any crystallisation on stretch- 
ing when he worked at room temperature, but only when he cooled the 
sample.^ 

(e) Isoprene Rubbers. 

Koprene rubbers have never given, '^o far, any sign of crystalli- 
i-ation when stretched, not even a change in tlicir amorphous ring>. 
Perhaps^ however, tht‘y ought t<> be investigated at low temperature, or 
better be cooled immediately after they have been stretched. 

</) The Synthesis of Rubber out of Isoprene has not yet 
been made. 

A'' no i.'^oprene rublnr ha^^ tar given any a-ign of crystallisation 
when Inung stretched ; a> this “ crvstalii.'^ation ” on stretching is one of 
the u\o<i characteristic ijualities of rubber, I still maintain — as I did 
in that the symthesia of natural rubber has not yet been achieved. 

Synthetic isof>rene rubber is yet a different substance from natural rubber. 
Steinmig was probably right in 1912 when he predicted that natural 
riil>bt‘r would nev(T be synthesised, because we cannot achieve a regular 
-^'quence of tlto methyl group> in the synthetic product. In poh- 
cliltcopronc and polybromoprene ti)(‘ a- tivity of the molecules due t«» 
tlie 1 or Hr may inak»' thi^' regular .attadiment more easy. But is the 
lack o* sharpncs> oi the la\ crime*- due to the tause as Steinmig indicated, 
but working to minor degree < >r to alternations of cis and trans 
unii'i ' Butadeine rul>l)er> will alwav< i>e found in forms which crys- 
l.ilh'-e on ‘^tret<hing as their mniecule- have no ^ide chains. 

<g) Synthesis of Rubber ought to be done under X-ray Check. 

As tlie '* crystal I isalion on stretching is a typical qtialiiy of any good 
rubber-like material the synMiesj^ ought to be worked out .so tliat the 
material gets a better and sharper fibre pattern on stretch. 

Kspccially for the industrial production of butadiene rubber this 
may prove, 1 think, an important method for the improvement of existing 
type.s of synthetic rubber. As conditions are forcing more and more 
countries [e.g. Russia, Germany) to prepare a part of the rubber they 
need >yntJieticalIy, this point of view seems to me to be again of consider- 
able materiality, 

“ (Vystallisation ” of rubber or rubber-like substances on stretching i-' 
.such an extremely cliaracteristic property of them, that where it is 

*• 1 . R. Katz and V. van Campen, Chew, 03^7, 51, 53. CkHKl pictures of 
the!»e X-ray pattem.s in inv Ixjok, Dte Roentgen spektro^raphic als Cnter^uchunee- 
ntfthode bet hoihmolekulatnt Sub'^tanzen. etc p. 150, 

^ Z. physik. Chrmte. lyi. 

*• J. R Katz, f^tdte Svnthese der '■chuk.^ .^flnn^vn ? Ambu^nn-l ais- 

chrtjt {Koil. lieth ), 1020, 341. 
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defective something essential is lacking in the molecular structure of 
the rubber (see the next paragraph, however). 

8. Spontaneous Crystallisation of Natural Rubber and of 
Synthetic Polymerlsates ; their Melting-Point. 

In addition to the “ crystallisation ” on stretching, both natural rubber 
and some of the synthetic substances with a rubber-like extensibility- 
show another form of crystallisation, this time a real and spontaneous 
one. When kept at a well-chosen low temperature — different for each 
substance — its amorphous pattern is changed into a crystalline pattern. 
At the same rime it loses its transparency, becomes hard and inekistic ; 
it ceases to have a rubber-like extensibility. If the amorphous substance 
is cooled down too far (e.g., in liquid air), it will not cry-stallisc, evidenth 
because the velocity of crystallisation has been too much reduced. 
When the once cry^stalliscd substance is heated, it often has a pretty 
sharp melting-point. 

In two cases — natural rubber and thiokol — it has been shown rhai 
the melting interval is quite short. Samples wx*re kept for some time {e.g.y 
a day) in thermostats at constant temperature, tlien examined shortly 
afterwards, both with X-ray spectrography and for specific ’height, 
hardness and transparency. They were found to have a fairly sharp 
melting-point, the melting inter\’al being in IxUh casc.-^ only i few 
degrees. 

In the case of natural rubber the melting-i)oint seems to wiry with 
the age of the crv’stalline rubber ; in the case of thiokol this was not lound. 
In old natural rubber it lies at about 36"^ C., in thiokol at about 70^ C. 

In natural rubber tlic interesting fact was found that the X*ray 
pattern found by the spontaneous cry's tallisat ion shewed the same 
lattice as the one formed by' stretching. This fact makes it difficult to 
understand why' the cry'^tallinc pattern once formed by stretr hiiig dis- 
appears again when the .stretched rubber is relaxed. 

9. Explanation of the X-Ray Phenomena of Rubber and of 
Rubber-like Substances. 

The following facts have also to b?* taken into ac(‘ount, before con- 
sidering an explanation as valid : — 

(a) The Substances which show a Rubber-like Extensibility. 

The organic substances which ^how' rubber-like exteiisibility seem 
all to have a long chain molecule. They are : 

a. Organic polymerisation made of unsalurated compounds: Butadiene 
rubbers, polychloroprene, polybromoprene ; metastyrene ; polymeric 
methyl or ethyl ester of acrylic acid ; polymeric v'inylacetaie ; and 
polyvinyl alcohol. 

/S. Certain swollen proteins: Gelatin swollen in water, or in water- 
alcohol, or in water-glycerin ; silk fibroin swollen in formic acid ; 
collagen swollen in certain swelling agents ; a-keratin, swollen in w ater, 
especially after stretching and relaxation. 

y. Perhaps, cellulose, swollen in sodium hydroxide solution.^, and 
certain cellulose derivatives swollen in organic compounds. 

For rubber, see J. R. Katz and K. Bing. Z. angew. Chtm., 1925, 38, 439 ; 
A, van Rossem and J. Lotichius, Z. Kautschuk, 1929, S, 2 ; J. R. Katz, tbid,, 
p. 8. For thiokol sec J. R. Katz and M, T. Bush {not yet published). 
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Moreover, there are some inorganic rubber-like substances, e,g., sulphur 
and polymerisation products of PNCl^ ; probably these inorganic sub* 
stances also have a long chain molecule. 

<6) All these Rubber-like Substances have some Typical Char- 
acteristics. 

a. They develop heat when stretched (like the Joule heat of rubber). 

They show fibre structure when stretched and frozen in liquid air; 
the fissures on mechanical treatiiient all run parallel to the direction of 
the stretch. 

y. They show, especially wlicn they “ crystallise *’ on stretching, a 
characteri.stic stress-strain curve comparable with that of natural rubber. 

S. They show optical anisotropy when stretched, depending in char- 
acteristic curves on the degree of stretching, 

(c) In all these Substances the Rubber-like State only Exists 
Within a more or less Narrow Range of Temperatures ; 
Swelling Reduces these Temperatures. 

The upper temperature is one where the ela.stic substance be- 
<'omcs plastic ; it is not generally sharp. The lower limit— called in 
J915 by 0'<lromy<lcnski the “dead temperature*’ — is the temperature 
where the rubber changes into a resin. It is accompanied — as Martin 
Ruhemann and F. Simon liave shown — by a large drop in the value of 
the specific heat ; this drop i'^ analogous to the drop in specific heat when 
liqtiid glycerin i< changetl b\‘ cooling into a glass. The “ dead tem- 
jHTaturc’' again is a ternperaturt: interval which, however, may be quite 
diort \e g 10 ”). 

It a liquid which >welh the rubber-hke Mibslance is added, the “dead 
:-mper,iture “ i.^ decrea'ied even to a large extent. The elasticators 
of Hofm.tnn fdiniethyhinihne. dibenzvl ether, etc.) were well known to 
have ihi.s elfect in the case of metiiyl rubber (heat polymerisate of 
^y-dimethyibutadiene). As a matter of fact liie methyl rubber acquired 
;i sufficient elasticity only after the addition of an elasticator. That 
gelatin, silk fibroin, etc , acquire rubber-like elasticity only after being 
strongly swollen is again an “ elasticator effect,” but a veiy^ much stronger 
one tlian in the case of methyl rubber 

{d) In the Case of Natural Rubber, the Discontinuity in the 
Curve of the Optical Anisotropy as a Function of the Elon- 
gation shows that there are Two Phases in the Stretching 
of Rubber. 

In the first phase the molecules are oriented into the direction of the 
"tretch and perhaps stretched ; but they do not yet form a three-dimen- 
sional arrangement. In this part of the curve the optical anisotropy 
increases according to an S-form curve (as in a nematic phase when its 
molecules are oiicntcd parallel by a magnetic field) ; see Fig. 6. 

The critical elongation is the stretch, where the initially parallel molecules 
are forced into a three-dimtfisionai arrangement. As the stretch increases, 
more and more btiudles of molecules are forced vito this three- dvnensional 
arrangemetUt * forced to reach their critical value. 

This formation of ciy’stals may have to do with the characteristic 
form of the stress-strain cur\'e of rubber, specially whth the fact that the 


Marlin Knhornann luifl V Z phy^ift. Chem , 102^. 1^, i. 
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elasticity at a certain stretch is almost exhausted. Mallock explained 
this fact long ago in connection with the resistance of putty to stretching. 
When the oil film between the chalk particles gets too thin, the putty 
not stretched so easily as at first, “ it stiffens up.” 

(e) Conclusions. 

All these facts have to be explained before we can accept a theory 
for the rubhtr-like elastic extensibility as valid. There are two concep- 
tions possible, either we consider the rubber molecule itself as the stnir- 
turc which is stretched and retracts ; stretching then converts the (oikd- 
up molecule into a .straight one. or we assume that the structure whi( h 
gives the rubber-like extensibility is larger than a molecule. 

As the second hypothesis could not be worked out in a good form, 
one has turned more and more to the first. It would serve to explain 
the X*ray phenomena on stretching of ruliber, and it seems in many other 
respects probable. But there are two tiilTu ultics. The one that 
do not see why a rubber once crystallised by stretching should become 
amorphous again on relaxation at a temperature far below the melting- 
point of spontaneously frozen rubber. Secondly, we do not see what 
torce is strong enough to retract the rubber, no matter how carefully 
we observe. E. Mack ha.- tried Toexfdain it by the attracticai t>f hydrogen 
atom to hydrogen atom ; others by appealing to the Brownian movement 
tJie chain (Kurt 1 1. Mes er and ot hcr.-j. Both conception^ sei m pos.sibJi , 
hut no really convincing argument, 1 think, lia^ as yet been given. So 
v.e cannot yet offer a really good exphtnation of tiie rubber-like da-it n iT 
.ukI of the X-ray sj'*cetrograpiiieal fact-, -o d(»-ely conncct'^d with it. 

The s.ime difficultic'^ in the explanation of the X-rav phenonw iic. 
and the elj>tidty arc met in ^yntheri*.- -ub-t.ime-s with a rul'lxr-hkt' 
extcnsibiliiv . 

GEXhN.lL DISCI SSIOX 

Professor K. H. Meyer ■Oawui ^aJd Sjv.*aking ot " pr<>habiht> 
and ” ceTiaiiity m the deterniination f Uanentarv' kells aiul spaciai 
Tnodf‘l-. h't me ernphaMsc, that the < ell dnneusions of t eljuh>s«\^* rut>l’*ci .*** 
and rail: tibiDUi have In^en based on rliagrarms with sut>)t*ets <tf a 
<‘rder of <.*r:eiiiation. Sndi Nnl:>jects. gencrallv thin hlnis, an oricntii- 

Tif>n not only jiaralld to tla* libr** axis, but alva in the plane jxTpcndK ular 
to this axi-^ < )ne <'an tht retfut- <alcidate with full cettinnix the thoa 
dentity and tile elennuitiiry foil 

As t<. abnormal -jxcitn \waght, whuh }ollt,iwr> from the duncnMon> 
of tlie rnblxT cdl of Mark and Susa h, retent exj'K-nrnenlH m Geneva 
showed, that this discre^iancv is du«' to a simple e.\|H»nmenlal ctTor 

Prom it general jKant nt view, I d^’sire to ol*s<‘rve in regard to the 
probability or ' certainty of uur .spaeial inodtds, tliat JvatJK only lakes 
into account the Bc>entgen(»grapti!r al arguments and we cpiite agr<‘e, that 
with these data alone one cannot attain practual lertainty in .such com* 
plicated molecules. Hut if one lake^ into account the chemical cvnicnce, 
ioT jnslance the cdlobiose and eelUjh*se fr>rniuhi of Haworth and the 
rubber fcjrinula of ( . O. WdxT in connecuon with othf*r physical pr<ij)erties 
tcnficity, double-ndrat tion, etc; one arrives at only one 
and thereh^rc final sc>lulion, in winch only slight variations c»f the atomic 
jj<irarnf!ters can be alhjvved 

Professor H. Mark (If nn;; .**Hid Di Katz/s contrdnition gives th<^ 
imp>resi>ion tliat the idea^ on the structuie of .siuh highlv* j[X)iymcrisc/l 
.substances as cellulose, niblni, keratin, etc. arc ii.s y(d not af all wdl 

and h / pt\yuk. i.hi’Hi , .|H* iV- 

Murk and SuMch, ht-lt / . 4O, i t 
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founded on actual experiment. He therefore speaks of the “ hyp<jthe^i> ’ 
of the long chain model and points out, that it is mainly of importanct' tor 
teaching, and not so much for research. 

I think we may justifiably attribute to these models (which have bttm 
worked out during recent years with increasing accuracy by a large number 
of authors), a somewhat high <legree of truth. I quite agree with Dr. 
Katz that we must needs improve our ideas here and there, work out tlie 
exact positions of the different atoms in the lattice, and explore the accurate 
dimensions and .shape of the molecules in solution, but I am quite con- 
vinced that the present {>oint of view* will not be totally changed, so that 
we shall have to start to work in quite another direction. The increasing 
confidence given to our present models of long-chain molecules is ba,sed, 
not so much solely on the Wf)rk on highly polymerised substances, as on the 
facts that, iluring recent years, we have learned a great deal about the 
solid state, and that our general knowledge of the structure of organic 
crystals ha> considerably increased. This very important development is, 
in the first place, due to the systematic work of Sir VV. H. Bragg and 
Professor \V. L. Bragg and their collalxjrators, and was carried out mostly 
in the Royal Institution m l.ondon, in the Physical I^borator\' in 
Manchester, and in the Mineralogical Institute in Cambridge. It is well 
known that, by considerably improving experimental methods, and working 
out quite, new means (it evaluating the relativi* and absolute intensity 
measurements, one is i: av abif‘ to tiv the atomic |X)sitions, ev^en in v<‘ry 
complicated lattices, sucii a.'', r.g . hydrocjnuume. dmitrolx.*nzene, chrt^seiio, 
etc. In th(‘ ca^e of the celIulo>t‘, Andres^ and von Susich have carcdulh' 
measured the ndative inten>ity all interference s\X)ts, and Hengstenl>erg 
has strengthent‘d their ralcul,ition> by the measurement of the more im- 
}X>rtant absolnie iiiten^itv valuer These figures were evaluated by the 
normal metluKl of stnu tuir* tact«»r, and It'd to tiie present conception a‘^ to 
the jx^sitioiis of the ditlerent atoms m tlie unit cell. To bring the situation 
up to date, It \\(.)uld l>e ne^essni y to apply the Fouriers analysis method 
to thi'so ex fxTi mental data, which would of course lx* a very imi>ortant 
tcisk. it IS quite j»robal)le that such a calculation would change the ^xisition 
of diftenmt atones m the lattice, and bring about a closer agreement with 
the ex|KTiment;il fact>. init 1 do lan tlnnk that a fundamentally different 
struc*uri' would 1 k' drTiM^d 

;\t this stag<‘ It is iinfKTtant to ivnnt out, that it is not by any means 
the \-ray iwodeni*' ^ilone whicii leads tt> our present conception of the 
structurt' t>f higli {><d\'rneric s\ibstancc> large number of independent 
ctrgurnenls cunu trora invest ;gation> in organic chemistry and physicud 
chemistry, which lead t»> exactly the same result, i rncnteai the synthesis 
of nuun valence chains by Slaiuhnger and his co-workers, the iegradatuo 
of c<‘liul(>se l)v I reudtnibtug, Mawi»rth and their collaborators, the pref>ara- 
tion (»f M'veral new additi ii ccmpoiinds by Hess and Trc'gus, and tlie 
investigation of diilcrt‘nt physu o-chcmical properties by 33erl, Herzog. 
Katz, KraenuT, Mark. .\Kyer. tlstwald. Signer, Svedberg and a number -i 
other authors. All tht'se studies, starting from ipiite chiterent directions, 
converg<‘ in tluir results upon a model wdiich can .surely lx* called a very 
good approximation to the truth, and can bt* regarded as a tni.stful ba>:s 
for future wt>ik 

I would li^»* to n^call that the diffraction of electrons on high polymeric 
substances, which has been investigated by Dauvillier, Kiithner, Mark, 
Motz, I’ayior- fones and rrillat oifered at first very serious dilliculties to 
the long chain tuodel of cellulose. In tht* end Maik and Trillat and at 
the same time Hengstenberg and Wolf gave vent to the suspicion, that the 
very sharp intorferenct^ spots obtained with these substances are not due 
to celIulost\ but may hr caused by an impurity Accurate meiisuremeiu.s 
of Mark, Motz, Xatta and irillat show'et’ later that, in fact, these patterns 
are produced by grease-hke substances, which are extended on the suifacr 
of the films in very thin layers. If one removes these films, the diagram 
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vanishes, if one produces them the diagram appears. The same has been 
found on metallic films, and may serve to explain several features, which 
are not yet quite clear. 

On the other hand, I quite agree with Dr. Katz, that one must be ver>" 
careful, in drawing conclusions from fibre diagrams and. to a still higher 
degree, from ring diagrams. Everybody who uses the X*ray method in 
the field of high polymeric substances (and is therefore forced to interpret 
interference patterns of diagrams which often show only a few points or 
rings) should work out at least one structure in the field of normal organic 
lattices, because only in doing this can he get the experience, which seems 
to be indispensable if one wants to evaluate diagrams of high jx)lymeric 
specimens. I agree Jilso with Dr. Katz, that one should, with great caution, 
apply results derived from diagrams with few spots or rings, and I do not 
think that it is possible to clear up the exact shape of molecules in a liquid 
by measuring the diameter of only two diffuse rings. 

Dr. R. Houwink (Eindhoven) said : May I |x>int out, in \'ariiince with 
Dr. Katz’ opinion, tliat not all organic substances which shuxs niblier-likc 
extensibility seem to have a long-chaiii molecule. In this connection I 
refer to my paper,^* on the high-elasticity of three-diinensionally polymerised 
materials. 

Dr. W. H. Carothers (Wilmington) .said: Linear ctmdimsation jxilymers 
of simple unsubstituted typ<.*s are almost invariably suthciently crystalline 
to furnish well-defined powder difiraction patterns, and thev can also usually 
be got in a form suitable to yield fibre patterns as well Snuv with re- 
latively few starting materials the length of the unit A 11 in the chain 
A — 13 — A — 13— A- B. etc,, can be vara’d at will over a very vvuli' range, 
such y>c»Iyraers furnish a vast family of excellent models for the study of 
X-ray behaviour. As yet they have retfived relativeh- liltli‘ attention. 
It is a curious fact also that in j^ome cases .sharp patt(Tn^ can be obtaimxi 
from a nuxtur(‘ of reactants A, 13, W 'Ihis leads to four structural 
units A — 13, A' — B', A— i3", and A^- -B, all of difterent length'^, and since 
they must lx* aiTtinge<l at random in tlie |x>lymer chains, the piobability 
of finding two identical molecules of say 50 units in a sample of moderate 
size is very small. The co-existence of crystallmity w ith such a th‘gree and 
type of heterogeneity .seems difticiilt to reconcile with the cuiiveutional 
ideas of crystallinity. 


Thtb \ ol., i>. 131 . 

* lYutcv'-sor Katz' reph , winch wa*' rt-<:ei\ed after g^)|IUT t(/ pit*-.N. w.ii bi* touiui 
at the end of tire Kei ori 
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UNSATURATED SUBSTANCES-^ 
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Communication So. 120 in the series “ Uber hochpolymere V erbindungenS 

Received in German 2gth July, 1935 , ajtd translated by Dr. E. Rabinowitch. 

I, Influence of the Substituents upon the Polymerisation- 
Capacity of Unsaturated Compounds. 

A great number of unsaturateci compounds, containing a C=C 
double bond or a carbonyl-group ® have the tendency to polymerise — 
to transform tlicmselvos into substances of unchanged composition 
but with a much higher molecular weight. The strength of this tendency 
is very different with flifferent compounds and depends essentially on 
the nature of the subsMtuents adjacent to the double bond. Ethylene, 
for instance, is a stable compound, whereas its derivatives containing 
negative substituents are unstable and easily polymerised, e.g, 
styrene, vinyl chloride, vinyl acetate and acrylic ester. The influence 
of the same substituents is different in the case of the C=C double bond 
and in tiiat of the carbonyl-group. In the latter case, the simplest com- 
pound. formaldehyde, is the leasit stable of all. The introduction of 
phtnyl and cs{)enally of chlorine into the molecule of formaldehyde 
cause the tcrulency to polymerisation to disappear. (Benzaldehyde 
and phosgene for instance are stable compounds.) The substitution of 


TABLE I - 'Polymerisation Tendency or Ethylene Derivatives and of 

Carbonyl Compounds. 


C V.' C •^nipouurls ! 

1 


C 0 Compounds. 

Polymerises. 

I. CH,-CH, 

,1. CH, .CH -CH, 

3. .-CH, 

With some 
dithculty. 
With 
difficulty. 
Easily 

1. CH ,:^0 

2. CH,.CH-xO 

3. (CH,),C -0 

Very easily. 

Easily, 

Not : con- 

4 . C H, CH CH CH, 

! 

E:isily. 

4. CH,-CH . CH -0 

5. CtH,.CH -0 

densation 

only. 

Wry easily. 

5 . CH - CH, 

Very easily. 

Not : a>n- 

t>. CHjO.CO CH-CH, 

Ver\' easily. 

6 . CH ,0 . CO , CH-rO 

densation 

only. 

Very easily. 

7. CH, . CO CH ^ CH, 

Very easily. 

7. CH, . CO . CH -.0 

Easily. 

8. CH, .CO .UCH .~CH, 

Easily. 

8. CH,OCH-:0 

Not. 

9. a,.C CH, 

Easily. 

9. Cl, C-O 

Not. 

10. O-C CH, 

E;i5ily, 

10. 0:t=C".a.O 

Not. 


* Compare tlie author's monograph Die hochmolekuiaren <>fganischen IVr- 
bindungen-Kautschuk and Cellulose, Springer, Berlm, 1932. Quotations ” Book, 
at p. " below refer to this monograph. 

* We do not discuss in this paper the polymensation of substances whose 
umaturated groups are other than C»*C, e.g, such as C>«K or C— S. 
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a carbonyl or a carboxyl group makes the molecule unstable again — as 
shown, e,g, by glyoxylic acid, glyoxal and methyl glyoxal. Table I. 
summarises the results. 

When more than one substituent is present in an ethylene derivative, 
one usually finds that the symmetrical compounds are more stable than 
the asymmetric ones. The asymmetric ethylene dichloride polymerises 
for example much more readily than the corresponding symmetric 
compound : for instance crotonic ester is stable, the methacrylic ester 
not.® 

Unsaturated compounds with conjugated double bonds are generally 
more reactive than those with isolated double bonds. Butadiene, for 
instance, polymerises much more easily than ethylene or ethyl-cthylcne, 
acrolein much more readily than propionic-aldehyde. If a methyl group 
is introduced into a molecule with conjugated double-bonds with a* 
position, the polymerisation-tendency becomes weaker ; it is raised, 
however, by the same substituent in a )9-position. 

TABLE II. — Polymerisation Tendency of Different Derivatives of 

Ethylene, 


Initial Substance, easily | Methyl-group in A'i>o$itum . Metbyl'trrt>up m ^-position 
Pohmerised, ' Pol>inensiug hardly oi not .it all. { Polymerising pasily. 


CH, -CH . CH-CH, 

CH-CH . CH - CHg 

CH, -C . CH--CH, 


c*:h. 

1 

CH, 

CH,-CH.CH-0 

CH CH . CH- -0 

1 ^ 

CH, X.CH -O 

j 

1 

CH, 

CH, 

CH,- CH . C--0 

j 

CH ^^CH . C -O 

1 1 

CH, C . C. 0 

1 1 

1 

OH 

1 I 

CH, OH 

( 1 

CH, OH 

CH, =CH . C-=0 

CH-CH.C-O 

CH, C . C 0 

1 

1 J 

1 j 

CH, 

1 CH, CH, 

1 

CH, CH, 


The polymerisation of some unsaturated compounds occurs spontaneously 
even at or slightly above room temperature. Formaldehyde, styrene, and 
acr\'lic e.stcr provide examples of this behaviour. Polymerisation is often 
favoured by light, as in the cases of vinylacetate and particularly of vinyl 
chloride and vinyl bromide. Many unsaturated compounds polymerise 
only with catalysts. An ajipropriate catalyst is Florida-earth ; halogenides 
of metals or non-metals possessing a tendency to form complexes arc also 
good catalysts, e.g., boron fluoride, tin tetrachloride and aluminium 
chloride. Silicon tetrachloride and phosphorus oxychloride, although 
belonging to the same class of acid chlorides, have no tendency to form 
complexes and therefore do not strongly catalyse polymerisation- 
reactions.* Among the unsaturated compounds which polymerise only 
with catalysts are i5<?-butylene, anethole and indene. 

Some polymerising unsaturated substances form dimeric, trimeric, 
sometimes tetrameric products — examples are diphenyl-ethylene, 
diphenyl-ketcne, phenyl -f5ci-cyanatc ; others give high polymers, e.g,, 

’ A. Michael, J. praki. Chemie, 1899, 60, 382, 

‘ C/. H, Staudinger and H. A. Bruson, Annalen, 1926, 447, no. 
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vinyl chloride, vinyl ester, vinyl acetate. A certain number of un- 
saturated compounds yield low or high polymers according to the 
polymerisation conditions — it is for instance possible to convert styrene 
into distyrene by certain catalysts,^ w^herea.s the spontaneous polymerisa- 
tion of styrene — or polymerisation catalysed by other substances — ^\uelds 
highly polymerised “ poly-styrenes.’* Dimethyl ketene and cyclo- 
pentadiene give dimolecular products by spontaneous polymerisation ; 
by addition of catalysts it is possible to obtain high polymers of these 
substances too/ 

II. The Importance of Synthetic High -Polymers. 

In the following, polymers of the ethylene derivatives and of carbonyl- 
compounds alone will be considered. Among all the synthetic high 
polymers they offer remarkable scientific and technical interest. 

Many of them have been investigated from the scientific point of view 
because of the analogies they offer to many natural high-molecular 
products and their derivatives. They dissolve with strong swelling and 
form culloidal solutions ; they belong thus to the class of lyophilic colloids. 
It was found of great advantage to use synthetic products of this kind, 
because of their relali^a ly simple structure and their greater stability, 
for studying the colloidal properties in general. By investigating the 
chemical constitution of synthetic high-molecular substances it w^is 
found that their colloidal properties — such as swelling capacity and 
viscosity of their solutions— depend only upon the size and shape of 
their macro-m(dccules. These experiments led to valuable conclusions 
as to the struc ture of natural high-molecular products, for instance of 
caoutchouc ’ and celiulo.se,® which are built-up in the same manner as 
the synthetic high polymers. The colloidal properties of these natural 
products are idso functions of the size and form of their macro-molecules. 

The synthetic high polymers, which arc obtained by polymerisation 
of unsat urated compound^, offer great interest also from the technical 
poini of view. Since many of their properties are similar to those of 
the liigh-molecular natur*il products, they can be u.sed as more or less 
complete .substifuus for them. It is not improbable, that sooner or 
later a way will be di.scovered to prepare artificial fibres from synthetic 
high-molecular [products, because the strength and elasticity of natural 
fibres depend exclusively on the<r macro-molecular structure — x.e., on their 
long thread-shaped molecules. Industry is therefore keenly interested 
in the investigation of the constitution of high-molecular products and of 
the nature of the polymerisation process. 

III. Homoeopolar and Heteropolar Molecular Colloids. 

The aim of tlw billowing investigations was to elucidate the constitu- 
tion of highly polymerised substances and to explain their specific pro- 
perties. Therefore, the very simple high-polymeric substances have been 
used, which offered the greatest chance of finding out the apparctuly 
so complicated relations between structure and colloidal properties, 

•Stobbe and Posnjak, Annalen, 1910, 311 , 292. 

• As to poly-cyclopentadiene see H, Staudinger and H. A. Bruson, AnnaUn, 
1926, 447 , no ; as to poly-dimethyl ketene, H. Staudinger, Htlv. chxm, aeJa, 
192s. 8, 306. 

^ See H. Staudinger. J.R J. Tran$acti<ms, 1935, 3* 

• H. Staudinger. Trans, haraday Soc,, 1933, 39 , iS ; Naturw., 1934, p. 797. 
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Furthermore, we selected such synthetic polymers whose colloidal pro- 
perties were closely related to those of high-molecular natural products. 
We have therefore especially investigated the polystyrenes,® in which the 
swelling resembles that of rubber and which give also highly viscous 
solutions. Polystyrenes are saturated hydrocarbons and on account of 
their greater stability can therefore be more favourably examined than 
the unsaturated caoutchouc. By polymerising vinyl acetate w’e obtained 
high-polymeric esters of which the colloidal properties were very near to 
those of the cellulose acetates. 

One of our principal interests was to learn how the properties of the 
different monomeric substances are rcllected in the properties of organic 
types of high polymers. We know, for instance, that in the low-molecular 
state there is a substantial difference between the properties of the homcco- 
polar compounds — for instance hydrocarbons, ethers and esters - and 
those of the heteropolar substances, such iis the salts of organic acids and 
bases. Furthermore the chemical and physical properties of homceopolar 
compounds are characteristically changed by certain substituents — the 
introduction of a hydroxyl group for instance renders insoluble volatile 
compounds water-soluble and non-volatile. 

For this purpose w'e investigated in addition to hommopolar liigh- 
molecular .substances (hydrocarbons, ethers, esters), which are soluble in 
organic solvents, also heteropolar high molecular polymets. Readily pre- 
pared representatives of this class are the polymers of the acrylic acid. 
The heteropolar molecular colloids, such as sodium-polyacr>Lilc are 
soluble in water and have colloidal properties essentially different from 
those of the homceopolar polymers — for instance polystyrene or poly- 
vinyl-acetate, Their inve.stigation has revealed much which provetl to be 
important for the understanding of the colloidal properties of solutions 
of cellulose xanthogenate, of cellulose in Schweizers .solution and also of 
proteins — which arc all heteropolar molecular colloids too. 

Synthetic high polymers with hydroxyl groups are represented by 
the polyvinyl-alcohols, obtained by saponification of polyvinyl -esters. 
These products can be considered as prototypes of starch. 

TABLE III.— Types of Synthetic High Polvmf.rs. 


Base 

Molecule. 

, Polyrarnc C\>nipaunU. 

{ Bt-intiitiUK to 
thr 

Homoluiiout 
S<*n^ oi : 

; (otioflal 
< Chat AC ter. 

ot 

CH,0 

i . . . — ~ij 

\ 

- "CHt* -O - . . . 

1 I'dly-iixy-melby- 
i len«. 

j Higb mttlecuUr 
; unsolubte 

j 

C>lluk>»e, 

(!h»ch, 

! 

1 . . . -~(:h ch,' 


1 

. ; iVjlyhtvrt'nrii. 

1 

iHofuanopoUr 
inolecnilar 
! (>t ' 

1 K^tnoftols. 

t aoutchtmc. 

OH 

1 

CH=«CHj 

1 OH 

1 

... 

OH OH 

1 Pol>'vuivl 

1 alcoboU. 

; Moli-cular rol j 
! IohU with at* i 
j onlinalivr j 
j covalmciw ; \ 
j Hydr(.iw>l». i 

Starrh. 

COO-Xa+ 

c!h«-CH2 

; COO'Na^ 

, . . . — CH— CHr 

1 

COO'N.i’ 

1 ; 

i 

j Pt)lyHcryh(' 

1 »udmm. 

1 

i 

i H«ti*rop<ilar ; 

j 

j coUokU. { 

^ Hydro»olft. . 

i 

OUuto»e 
xanUia^- 
atei aiid 

aulutioaft. 


See H. Staudmger and others, Bcr., 1929, 6J, 24J ; H, Staudinger and 
W. Hener, Book, p. 157. 
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IV. Hemicolloids, Mesocolloids, Eucolloids. 

The polymerisation of these simple unsaturated compounds to high- 
polymers is based oii the chemical combination of a great number of 
unsaturated basic molecules (in German : ** Grundmolekiile ’*) to a long 
thread-shaped “ macro-molecule.** The number of basic molecules or 
repeating units contained in a single thread depends on the nature of 
the substance and the conditions of polymerisation. A polymeric mole- 
cule can be formed out of 2, or lOO, or 1000 basic molecules. The highest 
known synthetic polymers are built up from 5 to 10,000 molecules. 

One and the same initial substance, for instance styrene, vinyl 
acetate or aciydic ester — can be induced by variation of conditions, e.g.^ 
temperature or nature of catalyst, to form polymers with different chain- 
lengths, although constructed according to the same principle. We call 
these products of identical structure, differing only in the length of the 
chain-molecules, a polymeric-homologous series.’* Since the physi- 
cal properties of high polymers change with the length of the macro- 
molecules, it is possible to prepare, from one and the same initial substance, 
by changing the conditions of polymerisation, high polymers with ver\' 
different physical properties. This fact is of great technical importance. 
One can dis(Timinate between three main groups of molecular colloids, 
corresponding to different lengths of the fibre-molecules.^^ 

1. Hemlcolloids. — We give this name to polymers with a mole- 
cular weight U|) to 10, (KX), corresponding to an order of polymerisation, 
equal to 20 to KX). 'Dicir chain-molecules have a length from 50 up to 
about 250 A. With such relatively short molecular threads the colloidal 
properties are not yet very' pronounced. The hemicolloids dissolve 
without swelling, their solutions have a low’ viscosity, and obey the 
Hagen -Poiseuille law. The solids are powdery or gluey masses ; filaments 
or films prepared from tiicm have little tensile strength and are easily 
broken. 

2. Mesocolloids, -- Tlie order of polymerisation of these fibre- 
molecules ranges from lOo up to about KXK), their molecules having 
a length from 250 up to about 25(K) A. Their properties are inter- 
mediate between those of the hemicolloids and of the eucolloids. 

3. Eucolloids.- -These substances have macro-molecules with a 
polymerisalion order over lOOta, the length of the molecules being over 
250<j A. The longest thread-molecules, which so far have been prepared 
synthetically, are <ibout \fi long. Tlic eucolloids have the characteristic 
properties of lyo[>hilic colloids. Their dissolution is accompanied by 
an intense swelling, and tlieir solutions arc highly viscous, even at low 
concentrations ; tlicy do not obey Einstein’s law', and their dow- 
phcnoinena are not those of a normtU liquid. The solid eucolloidal 
substances are very tough and hard. The technically most important 
polymers belong to this group. They show’ a high capacity for fflm- 
formation, and are often highly elastic. 

If eucolloids are subjected to an appropriate treatment — for instance 
a thermal craeking-process or a decomposition by oxidation — products 

H. Staudingcr, Chem., 1929, 4a, 09. 

The classihcation of colloids was discuss^ in my lecture before the Inter- 
national Congress of Chemistry, in Madrid. 1934. See further. Ber., 1 926, 59* 3019 ; 
X929, 6a, 2$93 ; and a forthcoming communication (No. 1 1 7) in the same peri<^ical 
(B##'., 1935,68, 1582). 
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with shorter molecules can be obtained, having mesocolloidal or hemi- 
colloidal properties. The synthetic hemicolloids — for instance hemi- 
colloidal polystyrenes or polyvinyl acetates — are thus obtainable either 
by direct polymerisation of the monomeric substances under suitable 
conditions, or by partial decomposition of the eucolloids. On the other 
hand natural hemicolloids and mesocolloids can only be obtained by 
partial decomposition of the natural eucolloids — cellulose or its deriva- 
tives. This time no alternative way of getting the same products by 
synthesis is available. 

Whereas some unsaturated compounds — styrene, acr>dic ester, 
vinylacetate — can give hemi-, meso- or eucolloidal products, according 
to the special conditions of polymerisation, .some other compounds have 
so far yielded hernicolloidal products only. Indene, cumarone, anethole 
are substances of this kind, giving polymers with relatively short chain- 
molecule.s only. 

The exact knowledge of the polymerisation process, and especially 
of the polymerisation order, is veiy- important from the technical point 

TABLE IV. 


Bas)C Molecule. 

Conditioof of 
Polyrocriaation. 

SuiubtUty of the 
Polyuier. 

- 

Kind **f the 

Polymeric 

I*r(><lucts. 

Order of 
l^olymer- 
Lsation. 

kefi*p*nu'. 

CHj-C(CHi!, 

Catalytic. 

Ena. soluble In 
CCl^ctc. ; inaolubie 
in acetone. 

Prom hcmi- 
a>ll. to eu- 
ci>U 

xn-Kxxj 

Hfh. cktm a* 

IV P>. IS, I 37 ^ 

CH,- CH . C«Hi 

Spontaneous and 
catalytic. 

£as. soluble in 

CCI4, etc. ; insol- 
uble m aertuue. 

Lucrdl. to 
hcmitoll. 

105000 

Brf., 1919. tt, 341, 
21)12. 3921 ; Book, 
P- 1 .^ 7 . 

.CH-CH, 

1 hernial .ind 
catalytic. 

PI as. soluble in C«H«. 
CCl^.* 

From bnuicx»U xo-kxjo 
to eucoU. j 

lv.U- 17 , 1171 . 

CH, 0 . . CH 

-CH .CHj 

Catalytic. 

Su.in CgH^CCf,. 

Hemicoli. 

10-200 

//Wt' fktm Mia, 

19^9* IS, <>73 • 
Ammi.. 1954, ftl 7 , 
75. 

//all'. Ckim. Mcta 
1939* U, 


Catalytic 


HemicoU. 

to- too 

CH-CH, 

1 

CH-CH^ 

Spontaiiet)V» «nxl 
catalytii . 

Sol. in organic sol vent* 

Dimolecular 

beioiooU. 

1 to ca. 
100 

dmol., 1926. 417 , 
97 , no. 

CHj-CH.Jbr 

Photochennical and 
catalytic. 

Hardly soluble. 

HemiooU. 

50-100 

f/Wr. ckim. arm. 
i 930 ,lS,Ho 5 ,b 32 . 

CHj-C.COCH, 1 

CHa 

Spent anroui and 
catalytic. 

E«s. soluble iu C«H«, 
CCl*. 

EucoU. and 
mesooolt. 

500- 1500 

1954 , t 7 , 1775 

CHj-CHO.CO.CH, 

Catalytic (espec, 
{KToxulesi 

: Eas. soluble m C«H| 

1 and acetone ; uu- 
{ soluble In CCl^. 

Hemicoll. and 
eucoU. 

50-1000 

Bar., 1927.1s, 1 7 l>i: 

6. 

CH,-CH,C(XXH, 

Spontaneous and 
catalytic 
(peroxides). 

I Soluble in and 

{ BCetfjtne ; insoluble j 
i in cthei. j 

From eucoll. 
tohemicoU. 

50-1000 

H/ia. eMm. acia. 
^929. Vt, 1107, 

CHa - CH • 

Spontaneous ; 
thermal. 

i SrA, In H, 0 . 

t 

j 

j 

From bemiooU 
to cucoU. 

xra>-ioog 

Bar,, t 03 i, 6 l,a 09 t: 
Boo*, p. 313; An- 
nal., r 9 jj, Mt, 
301 . 

//alt*. cMm, arm 
»9a5, 8, 306. 

(CH3),C».C*.0 

Spuntaneons and 
catalytic. 

1 Las. soluble In or 

1 game solvents. 

1 DimolecuUr 1 
heittlcoU. 

1 

CHa-rO 

Spontaneous ; 
catalytic. 

i 

Insoluble : hardly 
soluble. 

EuooU. and 
hemlooll. 

10-100 

//ale. CSaai. acta. 
193.5. I, 41 ; 
4 ntiai., 1929,474, 
>45 i Bo*>A,p. J34. 


• Otoimly limited iweWmg polymers are fonned ; pidt H. SUudisger and W. Heuer, 1934, fy, i tyi, 
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of view : the hemicolloids and the eucolloids having different physical 
properties, their technical uses are quite different too. For preparing 
varnishes, for instance, chiefly hemicolloids are used, because the high 
viscosity of eucolloidal solutions is undesirable for this purpose. For 
artificial resins, from which great tensile strength is highly desirable 
eucolloids are the most suitable materials. 

Table IV. gives a list of the simple synthetic high polymers which 
have so far been investigated in our laboratories in Freiburg, together 
with their most important physical properties. 

We see from Table IV. that high polymers wdth most different 
colloidal properties can be obtained synthetically. The number of 
synthetic substances of this kind has been further increased in recent 
years, since it w^as found possible to obtain “ mixed polymers by 
polymerising mixtures of different uiisaturated substances. It is interest- 
ing that unsaturated compounds, such as maleic anhydride, which do 
not polymerise by themselves, form high-polymeric products, w^hen mixed 
with polymerisable substances, for instance wath styrene.^* These mixed 
products are of great technical interest ; but w'e do not intend to discuss 
them further here, because Iheir complicated structure makes them less 
suitable for the invc ;tigation of the relations bctw'een colloidal pheno- 
mena and molecular structure. 


V. The Process of Polymerisation. 


The trun.^formation of unsaturated monomeric substances into poly- 
mers can take place in different ways. One is characterised by the 
conservation of the atomic arrangement of the monomeric substance — as, 
for instance, in the cases of formaldehyde transformed into triox\^- 
methylene, tetraoxymetliylene, or the polyoxymethylenes. Another 
WMv is the linking together of two molecules after the shifting of a hydro- 
gen atom, c.g., the transformation of acetaldehyde into aldol, of for- 
maldehyde into sugar or of styrene into distyrenc. We call the first 
HMCtions true polymerisations^ these of the second kind condensation' 
polymerisations}'^ 

The question : how do the high-polymeric products arise has been 
answered differently. Some ijivestigators conceived that an unsaturated 
molecule can form a link with another molecule w’hen a hydrogen atom 
shifts along the chain. The same process is repeated many times, until 
the high-polymeric chain is formed. The formation of polystyrenes, 
according to this theory, occurs in the following way : 





cn.-=c:ii, 




('sH, 

I I 

CH, -< Hj -C-=CHj 
( * Cl i * -CM - CH* - C H, 


Waguer-Jauregg, Ber,, 1930. 62, 3213; Mixed t^olymera became recently 
an object of manifold technical interest ; the latest patents are reviewed by 
E. Sauter, Kolloid Z., i935» 71, 357. Mixed j'olymers formed by SOg w-ith nn- 
saturated compounds are described by H. Staudinger and B. Ritzenthaler. Ber., 
* 935 . 455 : Peroxides as mixed polymers, see H. Staudinger, Ber., 1925. 58, 

*075 

** H. Staudinger, Ber., 1920, 53, 1081. 

G. S. Whitby and J. R. Katx, J. Amer. Chem, Soc., 1928, 50, ii6o ; see also 
\V. Galiay, Kolhii Z,, 1931, 57, 2. 
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This theory implies that the formation of the high-polymeric products 
occurs in steps, each corresponding to a specific compound capable of 
isolation, as such. In fact, processes of this kind occur, hut they lead to 
relatively low-molecular products and never to high polymers.^® 

The formation of real high polymers must be explained in another 
way ; a molecule of the monomeric substance becomes activated — by 
heat, light or by a catalyst — and can therefore react with a second 
molecule. Tlic newly-formed molecule has an active point ** on each 
its ends, and the polymerisation process can thus proceed further, until 
an unknown side-reaction makes the active centres disappear. The 
following scheme describes this process : 

C'.Hj C.Hji 

CH,— -f CH r- CHj » — CH -CH,— CH— CH, 

(active molecule) 

C.H. C.H. (',H, 

I ( I 

— CH— CHj— + (!h CH, 

C.H, l.H. C.H. 

I ! i 

>• — CH-c:H,- CH CH, etc. 

The intermediate stages of the polymerisiition are in this scheme un- 
saturated radicals, highly reactive, and therefore incapable of isoLition. 
The reaction has thus the features of a chain reaction, comparable 
w'ith the well-known chain-reactions of low-molecular substance'^. Only 
by such a mechanism can extremely high-moleeular products (»f a 
eiicolloid nature be formed synthetically ; it ( onld not be done by a 
process of the kind described by the first scheme. 

The assumption that the polymerisation is a chain-reaction is con- 
firmed by the following facts : From the very’ l)Cginning of the poly- 
merisation-process high-molecular products are already present in the 
reacting system ; the intermediary' products which one would exj>cct to 
occur according to the first scheme, h»ivc not been isolated. One can 
eiisily prove these statements, e.g., in tfie case of polyacrylic acid, 
which is insoluble in the mononieric acid. If we analyse the first small 
amounts of the polymeric product which are precipitated from the 
polymerising liquid, we find them to be already very high-molecular. 
The liquid still con.sists of pure monomeric arid, without any traces of an 
intermediate product.^’ 

When styrene is polyrneri.sed, it changes slowly, first into a highly 
viscous solution, later into a solid gel. Finally, solid glassy poly- 
styrene is formed from the gel. No stable intermediate products with 
shorter chains are formed in the course of the polymerisation : the < hain- 
reaction from the very beginning yields high-molecular polymers with 
a chain -length equal to that of the final product. W. I’Yt^st demon- 
strated this some time ago. He separated from time to time polymerised 

Staudinger and A. Steinhofer, Annalen, 1935, 517* 41. showed that 
dist}Tcne and tristyrene cannot add further molecules of styrene to form 
styrenes. 

H. Staudinger and H. W. Kohlschlitter. Bet,, 1931. 64, 2093 ; also 
pp. 149, 223. 255. 289. 

” H. Staudinger and H. W. Kohbehiitter, Ber,, 1931. 64, 2093. 

** These exiieriments were made by W. hrost in Freiburg in 1929 ; they have 
now been published (Ber., 1935, 68, 2351). 
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styrene from the reacting mass, by addition of alcohol, and determined 
the amount and the order of polymerisation of the product. Table V. 
shows that the viscosity of a 
I per cent, solution of the 
polymerised styrene remains 
nearly the same from the 
beginning to the end of the 
polymerisation process, a 
proof that completely poly- 
merised products are formed 
already in the first stages of 
the process. 

The polymerisation of 
styrene differs from that of 
acrv'lic acid only because the 
polymer ir. soluble in the 
monomeric substance, 
whereas tlie polymeric acrylic 
acid at once precipitates fnim 
the monomeric acid.^® This 
is why the polymerisation of 
styrene at tirst gives a highly 
viscous liquid. In this in- 
termediate stage of the polymerisation, the macro-molecules of the poly- 
styrene are dissolved in the monomeric styrene. The properticfe of such 
a “ gel "-solution are identical with those of the solution of polystyrenes 
in other organic solvents, e.g., in benzene. The polymeric molecules, 
wliich are contained in liquid styrene, hav'e the same length as those 
contained in the final product of the polymerisation, the solid poly- 
sty rene-gkiss. 

High-molecular polymers can be obtained also in other w’ays. 
CaDthers-^ showed, for instance, that they are obtainable by “ poly- 
condensation " of poly-basic acids with glycols. Polycondensations do not 
yield, however, eurolloidal products, like the chain-polymerisations of 
unsaturated compounds, because with growing length of the macro- 
molecule the chances for a further condensation-reaction become smaller 
and smaller. That is why so far only products with a molecular w'^ight 
up to 20, 000-30, exx) have been prepared by polycondensation, whereas 
by chain-reactions, as nentioned above, products w'ith a molecular 
weight up to 500,000 and more may be obtained. 

VL Constitution of the Synthetic High Molecular Products* 

When high-polymcric substances were first investigated there was 
much discussion as to whether these substances are built up from 
macrcfftw/€cu/es^^^ or from miceiies.^'^ Without referring much to this 
discussion, we may mention that the macromolecular structure of high- 

** Kronstcin {her., 1902. 35, 4150) thought that observ^ations of this kind must 
lead to a distinction between two types of polymerisation ; compiire in this con- 
nection, H. Staudinger, Ber., 19^0, 53, loBi. 

W. N. Carothers, /. Amtr. Chem, Soc., 1929. 51, 254S and later. 

** H. Staudinger and J. Fritschi, Helv. Chitn. Acta, 1922, g, 785 ; Ber., 1926, 
S 9 » angeuandU Chemie, 1929. 4^, 37, 07. 

** P. Karrer, Polymere KohlenhydraU, Leipaig, 1925 ; M. Bergmann, 

1926, 59, 2973 ; K, H. Mever, Z. angew, ChemU, 1928, 41^ 935. 
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TABLE V. — Course of Polymerisation of 
Styrene. 

(Reaction-products determined gravi- 
metrically.) 


Time of Heating. 

1 

Percent, 
of Polystyrene. 

Relative Viscosity 
of a i Per Cent.' 

Solution in 
Benzene at ao® C. 

At too* C. 



12 hours. 

19*4 

3-82 

25 .. 

406 

3-91 

240 ,, 

96*0 

4*22 

At 60* C. 



6 days. 

10*7 

778 

20*5 .. 

41*2 

7*6i 

35 . 

74*3 

7-85 

175 

921 

i 

8-14 
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molecular substances was first d€*finitely proved by the experiments on 
polY-ox>TTiethyleaes.-‘'* 

The principal qut‘>tion to be answered in the case of a hif^h -polymer 
giving a colloidal solution is ; are the dissolved particles micelles, as first 
supposed, or are they identical with the macro-molecules of the polymer ? 
The essential property by which a macro-molecule differs from a micelle 
is that, in a macro-molecule, all the atoms are linked together by normal 
co-valent links, as in ordinary organic molecules. Tlie only difference 
between macro-muIe(‘ular and low-molecular substances is that, whereas 
the latter consist of absolutely identical molecules, the former are built 
up of a mixture uf polymeric homologous moleciih‘s. Because of tin: 
resemblance between the physical proper! ie> of all these molecule-^, it 
appears impossible to separate the polymerised substance into it> single 
chemically pure components, A micelle, on the other hand, is a particle 
built up from small single molecules held together by van der Waal s’ 
attraction forces 

It was thus nect s>ar\' to investigate the source of the ('oiha<ial pro- 
perties of the solutions of high-molecul.ir ^ub^tunct^'', eg, their hig{\ 
viscosity and their >weiling rapacity. Arc these pr(q>ertie^ cine lo a 
micellar structure, or are they to be explaiiual by the great siz<‘ ut 
molecule^ ? h is a v'cry irnf)(>rtant que'^timi, because th(* < i»lloid.jl pro- 
perties ol many solutions of macro-molecular ^ub^taiices (e.g,. ol rubber, 
in benzene, or of .^odium <icrylate in water;, are sinnlar to tho>e ot '^onie 
undoubtedly micellar solutions, c.g., of sf)aps. lh»th kinds id solution 
are highly-vi'^cou^. and do not oLh'V the law of Hagen and Poiscuille 
The dis.^ohition of both is ae<'oinpanie<I by a strong ^welling. Important 
differences exist, however, lor instan* e, m the hardme-^s and tensile 
strength of the solid substance^ and in the stability of the 'ulutions. 

Ihe resemblance in the rolluidal properties of the ditlerent kind- ot 
solutions must bt‘ ascribed to the fact that all contain dissolved particles 
in the shape of long threads. The differern es are explained by the a^- 
sumption, that these partndes are thread -micelles in the case of soaf)-, 
but thread- mol cc^des in the lase of rubber, and j>olyvalenl thread-urns in 
the case of sodium pol\Mcrylate. An understanding of the whoh' of th(* 
properties of these ({»Iloi(!s ran bt* obtained only by elucidation of the 
constitution of their colloid partn le-. 

1 he macro-molecular structure of the colloid particles of hi^^h-moUiular 
substances has been proved in the same uav as that by ichich the structure of 
ordinary kno -molecular ory^anic substances is usually investigated. By 
changing the conditions (d piiiyrnerisrttion it was possible to obtain, frotn 
one and the same initial unsaturated monomeric .substance, a whole poh - 
meric series of different polymerisation-products. In studying a sscrics ot 
this sort, one finds that the pliy.-ical properties (of the solid products as 
well as of their solutitms) change gradually witii growing length of the 
molecule, Tlic relations b<‘tween pliysical properties and ( hain-length arc 

Slaudinger and U. htithv. Hr/u. Chim, Acta. 8, 41; aUo 

H. StaudingtT and K. Signer and f>thers. Annalen, i<M9- 474 » *45- 

“ As to macro-molecules see 11 . St-iudinger and I. I'ntschi.' //r/t , C Ai»i. Act,i 
1922, 5, 7«3 ; hook, p. 5. 

** A certain confusion in the field of p<dynier5 was caused by an idenUj&cation 
between the “ micelles " as defined by Nagth- i.e., small crystallites in the or- 
g^ised fibres, e,g., of cellulose — and the colloid particles lu solutions. This 
Identification was rejn^atedly tried— for instance by R. O. Hcrz<»g iher,, 1925, 
5®* .^^54 ; J. Physic, Chem., 1926, 30, 457, who assumed that the nuctrlles fen^s- 
tallUes) in cellulose -fibr<‘s are of the same size as the micelles (colkud particles) 
in the colloid solution of cellulose ; see di.scussion of this point in Book, p. < 
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of the same kind as those known to be valid in the homologous series of 
ordinary organic compounds. We may conclude from this that the whole 
polymeric scries, beginning with the hcmicolloids and ending with the 
eucolloids, is built up in the same manner, and differs only in chain-length. 

Another proof of the macromolecular structure of high polymers is 
furnished by the analytical determination of the end-group of the thread 
molecules. But iis in the ordinar>^ homologous series, the relative amount 
of matter belonging to the end-groups of the macro-molecule decreases 
with its increasing length. Since the length of the macro-molecule is 
generally very great, this amount is always small ; the analytical deter- 
mination of the end-groups is therefore possible only in some especially 
favourable cases, and the results are rather inaccurate. Nevertheless 
with some polymeric scries of especially simple structure, it was possible 
to prove th.it the relation between the mas-^ of the end-groups and the 
mass ot tile whole mi.lecule decreases, conforming wuth calculations, with 
In^reva^i^g order of polymerisation. The substances with which thi^ 
proof was possible were tlv poly-oxymethylene dimethyl ethers, 
the poly-oxymethylene diacetates, and the poly-ethylene-oxide-diacc- 
tates ; the end-groups in question were thus the acetyl and the 
rnethoxyl grouf>. '1 ai" method is of course not appropriate for use with 
ver>' high-molecular eueolluidal products, with a molecular w'eight of 
UiO,(X»o and more. It is for instance impossible to determine the mole- 
cular weight of ccIIulo.se <»i of caoutchouc by this method.*® 

The most important proof for the macro-molecular structure of high 
prilymer> h their transformation into polymeric-analogous derivatives^ that 
IS, into jiolymers with th(‘ same order of 


polymeris.ition, but with different suhstitu- 
ent.«. ( )f course, only substitutions whi<'h 
can be carried out at low temperatures, 
without unduly al’tecting the unstabler 
macro-molecule, can be used for this 


TABLE VI. — Hydrogena- 
tion OF Polystyrenes to 

PoLYMERIC-.ANALOGOrS 

POLVHEXAHYDROSTYRENES. 


purpose. The 'skeleton ” of the maero- .'i' Moi«uiar wv.gbt of 

m(4ecule is iiuu'h more sensitive and uii- ; 

stable th.ut th It of the orciinar>- moleculc.s. | 

and the ( arboa links are the more readily 

cr.icked, cither by heat or by oxydation, i 

tfie higher the weight of the molecule. 

Thi.s leave‘< relatively few possibiIitie> of ^ooo 4500 

substitutions, at least so far .us the re- 

latively stable >ynthetic high-molecular 

product^ are eoncenied. As an example of substitutions of this kind wo 
may quote tlio gently catalysed reduction of hemicolloidal polystyrenes, 
viiich leads to the polymeric-analogous hydro-polystyrenes of the same 
order of polymerisation.*'** 


H, Stiuidinj^er and H. Johner. Annalen, 19^9. 474, 205; H. Staudinger 
and W. Kern, Book. p. 114, 

Staudinger and M. Llithy, flelv. Chim, Acta. 1925, 8, 41 ; H, Staudinger 
and K. Signer, Annalrn. 1920, 474, 172. 

H. Staudinger and H. I^)hniann, Book, p.* 298. 

The end-groups of partially degraded derivatives ot cellulase have been 
determined by W, X. Haworth and H. Machemer, J, Chem. Soc,, 13a, 2270 ; 
see in this connection H. Staudinger, Am^aUn, 1933. 501, 170. 

As to the tearing of tlm*ad molecules of polysV>Tene, see H. Staudinger and 
W. Heuer, Ber., 1934^ 67, 1159- 

** Bet., 1926, 59, 3033 ; ^so H. Staudinger and V. VViedersheim, Ber, 1928, 
62t 2406, 
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A much greater variety of possible transformations of this kind can 
be realised with high-molecular natural products, which are more reactive 
than the corresponding synthetic substances. It is for instance possible 
to convert caoutchouc, with a molecular weight of 64,(X)0, composed of 
1000 isoprene radicals, into a hydrocaoutchouc with the same length of 
the molecules.^- This reduction is represented by the formula : 

caoutchouc (C 5 Hg)i(,oQ + 1000 H 2 

= hydrocaoutcliouc (QT I^q) looo* 

In an analogous way, cellulose can be transformed into polymeric- 
analogous acetates or nitrates without breaking the long chains. 
The cellulose acetates can he converted back into polymeric-analogous 
cellulose by saponification ; or they can be transformed into methyl 
cellulose again without changing the order of polymerisation. It is 
thus possible to carry out the same transformations with high-molecular 
substances as with ordinarv' low-molccular ones ; the macro-molecular 
structure of high polymers is definitely proved in this way. 

VIL Determination of the Molecular Weight of High 
Polymeric Substances. 

Since the most important physical propertit^s of the high polymers-- 
their hardness, swelling capacity and the colloidal behaviour of their 
solutions — depend on the length of their chain-molecules, it becomes very 
important to determine this length as exactly possible. 

The ordinar>' cryoscopic or ebullioscopic methods of determination 
of molecular weight can only be used with hemicolloids (molecular weight 
up to 10 , 000 ), but not with meso- or eucolloids, the <orresponding 
effects being too small in these latter cases. It w<is, however, possible 
to use the osmotic method, even in the ca.se of eucolloids, {>articijlarly 
developed by G. V. Schultz in Freiburg; tlie abnorm;U osmotic pheno- 
mena, which formerly prevented exact investigations of this kind, arc 
now* better understood and kept under control.^*^ 

Another reliable metfiod for determining particle weigiits is the 
ultra-cenlrifuge, a.s used by Svedberg. So far it has been used chiefiy 
for determining the molecular weight of proteins, Signer and Gross 
used it recently for molecular- weight-determinations of synthetic high 
polymers, especially tho.se of polystyrene. However, this method is too 
expensive and complicated to come into general use. 

A simple method for calculating the molecular weight (or the rhiiin- 
length) of high-molecular substances i.s that based on the measurement 
of viscosities. It is especially convenient for comparing the different 
members of a polymeric homologous scries. Experiments of this kind 
contributed much to the understanding the constitutif)n of high 

polymeric .substances. Measurements of the specific viscosity of their 

H. Staudinger and E. O. Leupold, Ber,, 1034, 3^4- 

H. Staudinger and H. Filers, Ber , JU35, 68» 1611. 

H. Staudinger and H. Haa,s. Biiok. p. 49«. 

H. Staudinger and O. Schweitzer, Ber, 1030, 63, 3132 ; H. Staudinger and 
H. Scholz, Book, 483. 

H, Staudinger and H. Scholz, Ber,, 1934, ^4' 

3’H. Staudinger and G. V. Scholz. Ber., 1935. 68, 2320. See also Wo. 
Ostwald, Kollotd-Z,, 1929, 49, 00. 

Svedberg and Lewis, Amer. Chem. Soc,, 1928, 50, 25; and Hubsequent 
papers ; .see e.g. Kolloid-Z., 1930, 51, 10. 

See R. Signer and H. Gross, Helv, Chim. Acta, 1934, *7» 59. 3^5. 

H. Staudinger and W. Heuer, Bet., 1930, 63, 222. 
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solutions under different conditions (variable concentration, variable 
temperature, different solvents) give valuable hints as to the nature of 
the colloidal particles inv^olved — especially their micellar or macro-mole- 
cular stnicture.*' If the macro-molecular structure is established by 
chemical investigations (as described in the previous section), and the 
shape of the molecules is known to be thread-like, very simple relations 
hold between the specific viscosity (at least so far as low-viscous solu- 
tions are alone concerned) and the length of the macro-molecules 
(formula I) or the molecular weight (formula II).'** 

Vbp (I‘4 per cent.) = y X n , . . . (I) 

»;*p (kcJ. mol.) = X M . . . . (11) 

P'ormula (I) refers to the .specific viscosity of the solutions of thread- 
shaped inolec’ules of constant concentration (l*4 per cent.). It shows 
this viscosity to he proportional to the number of chain-atoms n. The 
coefficient y represents the vb( osity-equivalent of a carbon — (or oxygen) 
--atom in 1*4 per (cnt. 'Solution. This formula holds for simple thread 
molecules only, z.e,, molecules without rings in the chains. With mole- 
t ules containing rings, there are some complicati^ps, but it still remains 
possible to I'alciilatt' n. ^ ' 

The second fonnula is obtained by a simple transfonuation of the first. 

It makes pos.sible the direct calculation of the molecular weight M from 
the specific viscosity of rjap (jrd. mol.) solution containing one mol. of 
the monomeric sui^stunce ttlie repeating unit) per litre — provided that 
the constant is known for the homologous series in question. The 
validity of thchc viscosity formula^ hiis been proved not only on a great 
number of low-molecular chemical compounds with thread-shaped mole- 
cules, but also on a great number of hemicoiloids.*^ 

The only question whether these relations hold also for extremely 
high-molecular sul)staru't's oi eucolloidal character and can he used for 
calculating the molecular weight of substances of this kind ? Since the 
flow-phcnc*mena in solutions of eucolloids are not normal, it seems doubt- 
ful whether viscosity-data can be used for the calculation of molecular 
weights. Hut in low-vi.^icou-; solutions, which alone are used for the 
determination of the molecular weight, the deviations from the law of 
Ifiigen-Poiseuille are so small, tli.it the calculations of rjsp 
or of ((fd. mol.) the actual measurements of viscosity are nut too 
uncertain.'*** 

The usefulnes.^ of the viscosity -method for the determination of 
molecular weight of rucolloids is shown by the fact that, using the results 
of previous osmotic d(‘terniinations for celIuIo.se acetates and nitrates.**' 
and combining them with viscosity data we got a value of about lo x lo^* 
for the constant ~ f.e., the same value as obtained by investigations of 
the hemicolloids.*^ The same value was calculated from the viscosities 

See Boo/t, p. oO. 

H. Staudinger, Bet., 1932^ 65, 267 ; Helv. Chem, acta, 1932, 15, 213 ; Book, 
5O. 

H. Staudinger and A. Stcinhofer, AnnaJen, 1935, 517, 54 ; H. Staudinger 
and F. Staiger, AnnaUn, 1935* 5 * 7 > As to the increment of the derivatives 
of the cellulose, see H. Staudinger and H. Freudenberger, Annalen, 1933, 5®** ; 

H. Staudinger and E. O. Lcu|x)Id, Ber., I934» 479- 

Book, p. 70. ** H. Staudiager, Z. EUkirockemit, 1034, 441. 

•• Sec H. Staudinger and W. Heucr, Book, p. 210. 

H. Staudinger. Ber., 1934. 67, 92, Ibid, and SchoU, ref. 37. 

H. Staudinger and H. Freudenberger, Book, p. 466. 
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of the acetates of cellotetraose and cellopentaose prepared by Zech* 
meister — i.e,^ from well-defined homogeneous compounds. In Freiburg, 
G. V. Schultz investigated a series of nitrocelluloses and methyl-celluloses 
and found, that using the value = lo x IO~* one obtains values 
for the molecular weight which are in complete accordance with those 
calculated by the osmotic method (see Tabic VIL). 

TABLE VII. — Comparison between the Molecular Weights obtained from 
Measurements of Viscosity and of Osmotic Pressure, 


Subi-tanev 



3/ 

(Osinot ) 


i In.. I 

‘ < tl.lii 


M (\' 


K 


* 


Pouiitl 


1, Nitro-celluloses in Acetone. 


lYepared from — 


Linters, sligfitly bleached 

1 0-00 

, 443,000 , 

450 

4J>o,tK>o ; 

l-inters, more strongly 

i 

j 


( 

bleached . 

OI.^ 

' 1 7 t),ooo ; 

2 10 

; 210.000 11*2 

Linters. .stnmglv blea- 


1 

] ^ 


1 ! 

ched . . . 1 

O ' 30 

1 Sl.tKK* 


: S 2 .<HX> ! If>'l 

Viscose-sdk . . . | 

o-^.s 

1 51,000 


5‘« o<»o i 1 ‘-n 

Fractionated pnnluct . | 

013 

j I.SoaXK) ; 

I So 

i 

j I st> oou ‘r 5 


* Cg.ni. -- Concentration in g.d molar solution, t c , tluM'omfntrntion in terms 
of ba.se or repeating units. 


2. Methyl -cellulose in Water. 


Slightly degraded 

. I 0*30 ; 

82,CX)0 

<F> 


1 1 -o 

Sl!gbtl\' degraded 

• ; ! 

79,000 

Ao 

.>o 000 

lo* I 5 

Mc-re .strongh degraded 

0-50 ; 

40.oo<» 


5f »,Of M> 

1 J 4 

More strongly deg railed 

<^535 

40,CKJ<.) 1 

*♦ i ' 

43,<XK’» 

03 s 

3. 

Poly -ethylene -oxides in 

Water. 



Catalyst SrCOg 

0*20 ' 

ci4.oo(> i 

14*1 

7^.5(K» 

1-5 

Catalyst CaCOj 

‘■>•-7.5 ! 

h.S,5oo 

lO'S 

fX>.<K10 1 

1*22 

Degradation product 

. 002 

J‘C3<'<> i 

505 i 

2^,(.X)0 j 

I * 29 


1 


The validity of the visCosity-law given above is thus demonstrated 
in a rather wide region, at least for natural high-rnolecular products, 
caoutchouc and cellulose. 

In the case of synthetic higii-polymeric substances, however, the mole- 
cular weights obtained by measurement of viscosity often differ from 
those determined osmotiially. In the case of fioly-etliylene-oxidcs 
G. V. Schultz proved the “ viscosimetrir ” molecular weights to be some- 
what lower than those calculated Inan osmotic experiments. The 
deviations are, however, not very considerable (see Table VII.). 

W ith polystyrene.^, the discrep.mcies become much larger : tlie mole- 
cular weights determined osmotically are two, three or four times higher 
than those calculated from viscfKity-d: Ua (Table VIII.). 

The values obtained from osmotic measurements ar(‘ roughly in agree- 
ment with those found by R. Signer and H. Gros.s with the ultra 
centrifuge. 


H, Staudinger and H. Fremdenln-rger, Annalen, 103 ^ 501, 162. 
H. Staudinger and E. O. Leupuld, Urr., 1934, 67, 429. 

L. Zechmeister and G. Toth, JJer., 1931, 64, 854. 

See R. Signer and H, Gross, Helv. chtnt. acta, 1934» 17* 335. 
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TABLE VIII. — Polystyrenes m Toluene (Thermal Polymers). 


T<*tnp. 
of Poiy- 
moriftdUon. | 

! 

Fraction, j 

i 

Af ; 

(Osmot.). 

^gm j 

Af (Viscos.) 

1 with 

8 V10-*. 

! 

Af^ X io<. 1 

Found. ! 

i 

X loC 
.Mean. 

20' 

I 

I 

638,000 j 

! 1 

1 79 

i 

440,000 

1*25 


20‘ 

II 

422,000 

46 

205,000 

115 

1*22 

20" 

III 

193,000 1 

-4 

133,000 

1-25 


60" 

T 

(K>0.000 

50 

280,000 

0-83 


00^ 

II 

336,000 

^5 

140,000 

0*75 

079 

So' , 

1 

j 516,000 

33-«2 

1 85. 000 

0*645 


80' i 

II 

1 420,000 

27*2 

151,000 

0*655 


Ho" - 

III 

1 364.000 

20*3 

113,000 

0*56 i 

0*607 

Ko'' ; 

! IV 

i 

i 2 32,0(K) 

i 13*5 

75,000 

0*58 


135' 

1 I 

1 302,000 

f , , , 

I 

1 86.000 

0*51 


L 15 i 

! H 

[ 2 2 2,CH»0 

10*3 

1 57,000 

0*465 

0*50 

135 

; 111 

f 

^ .S 2 . 0 <X) 

i 

4 *^ 

1 6.500 

1 

0*51 


200 

' I : 

1 i 

: I ■ ;.ouo 

i 

9*55 

1 

i 3 ^x 5 o« i 

0-425 

0*4x5 

[ 


In (aiculatiii^ M I'nnii vi^u)>ity-daia, a value ^ 1*8 X was 
used, obtained from viscosities of substances whose molecular weight 
vould be measured cryuseopically.^^ This experimental value is in good 
aeeordance with that obtained from viscosity-measurements on low- 
molecular comp(>unds of known >tracture,^ w’hich is 1*86 X I0~*. 

Thediserepancy i»cl\\ ten the “osmotic and the “ viscosmetric ” v^alues 
C'l the molecular %\ee^dif not indicate the inexactitude of the vis- 

co>itydaw in the case of high-molecular polystyrenes. This law is known 
to be valid in tht* i ase of cellulose-derivatives, which are very high- 
nudecuiar. It is necessary to assume that the synthetic high polymers, 
produced by ('Icun-rciiC' 
tiuu<, are conijjoscd not 
of simple ihrctid-imdc- 
^’uie^, but eitiuT (if lugh- 
molecular rings, or (a 
branched ehains, ftjrnied 
b*v some unknown side 
reactions. These sidt- 
r e a c t M» n s become 
stronger with rising tem- 
perature of fioiymerisa- 
tion. This is the cause of the greater discrepancy between osmotic and 
visco>imetri« detenninations of molecular weights in the case of meso- 
colloidal polystyrenes, obtained by polymerisation at ;ls compared 

with higher molecular eucolloidal products, which arc formed at lower 
temperatures, The discrepancy has nothing to do with an alleged 
invalidity of the viscosity-laws at higher chain -lengths ; otherv,dse the 
deviations would he highest in the case ot eucolloidal substances, which 
have the longest molecules. It is, of course, ver\’ difficult to prove more 

H, Staudinger and W. Heiier, Booh, p. 157. 

** Book, p, 07. The /v„ constant is. according to the latest measurements. 
0-^3 X 10-* • compare H. Staudinger, Z. Ehktrochemie, 1934. 4 ®» 44 ^* 


TABLE IX. — Comparison of Osmotic Mole- 
cular Weights with those Determined 
nv Ultrackntrifugation. 


Polystyrcuc, 


M (Osmot.). ' M (Ultracwtrifufe). 


Mes^icolUnd I. 
Mesocolloid 11 . 


37.000 ( ca. 35.000 

59.000 I So, 000 
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directly the existence of branching chains by investigation of the poly- 
merised substances. In a second paper presented to this meeting, we 
shall demonstrate the strong influence of small amounts of certain 
foreign bodies upon the straight chain -structure and the properties of 
high-polymeric substances.^ 

We are led to the following conclusion : whereas osmotic measure- 
ments permit the calculation of true molecular weights, viscosity-data 
give correct results concerning the chain-length. We must bear in mind, 
however, that the chain-length, and not the molecular weight, is the 
most important thing from the point of view of the colloidal properties 
of high-molecular substances. 


VIII. Relation between the Physical (Colloidal) Properties 
of High Polymeric Substances and the Chain-Length of 
their Molecules. 

The most important result of the foregoing discussion can be re-stated 
as follows : the diflferences in the colloidal behaviour of high-polymeric 
substances are based on differences in the lengths of their macro-molecules 
— and not on different micellar structure, as was hitherto suppo>ed 
Synthetic and natural high-poIymcrs with a given rhain-length shou 
characteristic behaviour, irrespective of their molecular struc ture (for in- 
stance, their saturated or unsaturated character). Hydrocarbons, ether-, 
esters all have the same colloidal properties, so long their order of 
polymerisation is the same; the essential colloidal phenonuaia, c.^pecially 
those of the viscosity of the solutions are mainly deptmdent on the 
lengths of tlie macro-molecules and to some extent on the solvation^"' 
and wholly independent on the special chemical structure. The (ju)} 
condition is the purely homoeopolar nature oi the compound. 

It is a wxdl-known fact that many physical properties of luw-molecular 
compounds are primarily functions of their molecular .size, r/;., osmotic 
pressure and volatility. All homoeopolar organic conifiounds with a 
molecular weight of about lo(j are liquids, with about the same boiling- 
points — ^w'hether saturated or unsaturated substances, hydrocarbons, 
ethers or esters ; furthermore they have the same osmotic pressures 
(when dissolved in the same s(dvent). Homa*opolar organic .substances 
w'ith a molecular weight of about 5(X> are all much less volatile and 
posses.s also about the same boiling-points. 

The same connection between moierular size and properties exists 
also in the range of macro-molecules. Aliphatic hemicolloids with about 
200 chain-atoms all have the same appearance — independent <»f whether 
they are hemi-colloidal hydrocarbons, or partially degraded hydro- 
caoutchoucs, or caoutchoucs or poly-isobutylcaes, or esters such rts poly- 
acrylic-ester, polyvinyl-aceUites. They are all solids, either glue-like or 
powdery, dissolving without swelling and giving low- viscous solutions. 
Their specific viscosity in 1*4 per cent, solution is about 0*20 to 0*3 (de- 
pendent on the nature of the solvent /. Eucolloidal products— -caoutchoucs 
and hydrocaoutchoiics, poly-isobutylenes, polyacrydic esters, etc., with 
about 5000 chain-atoms, arc all tough elastic solids, which swell .strongly 
and form highly viscous solutions. The viscosities of these solutions are 
about the same for all of these products (so long as solutions in the same 
solvent and with equal concentrations arc compared). 

w second paper : “ 'fhe Soluble and Insoluble Polystyrenes.** 

H. Staudinger and W. Heucr, Z, pkysik, (A), 1934, 171, 139, 
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The properties of heteropolar substances are essentially different — 
with low molecular substances as well as high polymers: the properties 
of sodium acetate are quite different from those of ethyl acetate, although 
their molecular weights are not very different. In the same way, the 
colloidal properties of sodium polyacrylate differ strongly from those of an 
ester of the polyacrylic acid^ even when both have the same chain-length. 

The viscosity of tlie solutions of heteropolar molecular colloids de- 
pends not only on the length of the molecular chains, but also to a high 
degree on the formation of sicarm^ between the fibre-ions. That is w’hy 
solutions of sodium polyacrylatc are much more viscous than those of 
polymeric-analogous polyacrylic esters with the same chain-length. Due 
to the formation ot swarms, solutions of mesocolloidal heteropolar poly- 
mers show deviations from the Hagen-Poiseuille’s law, whereas in the case 
of liommopolar molecular colloid.^ deviations of this kind occur first at 
a rnucli higher order of polymerisation. Addition of an electrolyte dis- 
turl;s the electrolytir forces which are responsible for the formation of 
swarms. Tin- solutions of hetero-j)oiar molecular colloids have therefore 
<liffercnt viscosit tt‘s at different concentrations of electrolytes.*’ By 
additi(in t>f a large amount ot electrolyte, the formation of sw*arms can 
be suppH-'Mcl completely In this c;a>c, the viscosities of heteropolar 
colloids- -for msiance of <o(liuin poly-.icr\-late — f)lK‘y the same relations 
whuh are valid lor hon\a*oj)olar polymers. Under these conditions, the 
vi-'.cosity depends only on the length of the chain-ions and on their 
solvation. This discovery has contributed much towards the under- 
standing of the structure of heteropolar molecular colloids.’'** 

IX. Classification of Colloids, Based on the Structure of 
High*Molecular Polymers. 

It IS well known that the characteristic differences between the be- 
haviour of a solution of glue and that of ordinary solutions of low-mole- 
cular substances brought (rraham to the notion of a special state of di*^- 
solved matter known as the colloidal state. The number of colloidal 
substances now known is ver\' large, and between them great differences 
in propertie.s can he ubscr\’ed Tliese differences lead to a discrimination 
between two chief rlii,sses of cjilloids : the lyophilic and the lyophobic 
colloi<is.** This classification is based on the assumption taat the swell- 
itig of certain solicl substance-- which give colloid solutions, and the high 
visco.sitv of these r.olutions, are based on an especially strong solvation 
of the colloid particle^ in question. Other authors prefer to discriminate 
between suspensoids (grain-colloids) and etnulsoids (drop-colloids), as- 
suming a different state of aggregation of the colloid particles in these 
twm cases. The iiigli-molecular substances belong to lyophilic colloids 
according to the first, or to the emulsoids according to the second 
cliissification. Nowadays, since investigation of the structure and size 
of the colloid particles of high-molecular substances has led to definite 
results, a further classification of the colloids appears reasonable.*^ 

Neglecting the inorganic colloids, whose structure may be very* dif- 
ferent, w*e can divide all organic colloids into two classes : the micellar 
and the molecular colloids. 

H, Staudinger and E. Tromnisdorff, Book, p. 333. 

H. Staudinger and E. Trommsdorff, Annalen, 1933, ^01, 

H. Freundltch. '* Kapillarckemie,** 4th edition, Vol. II., pp. z and 3 {1932). 

As to the classification of colloids, see Bet., 1935. 1682. 
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We have shown in this paper, how differences in the shapes of the 
colloidal particles affect the properties of their solutions. This causes 
us to distinguisli between spkero-colloids and linear colloids (or thread- 
colloids),^^ 

A. Sphero -Colloids. — Colloids of this kind can never produce solu- 
tions of high viscosity, since from Einstein’s formula : = 2*5^ we 

calculate that a solution containing i volume in lOO of spherical col- 
loidal particles must have a viscosity of not more than 0*025. riiis 
value is to be compared with the high viscosities (up to = 10, or even 
100), which are actually shown by 1 per cent solutions of many lyophilic 
colloids. The solutions of the sphero-colloids obey the Hagen-Poiscuillc 
law. No swelling occurs during their dissolution. 

B. Linear Colloids. — These colloids produce highly-viscous solu- 
tions, because the viscosity of a solution containing long, fibre-shaped 
particles depends on the size of the fibres (whcrca.s in the case of spheri- 
cal colloids the viscosity i.s independent of the size of the [>artirles}. 
At a given concentration, the viscosity increases strongly with increasing 
length of the colloidal particles. This applies to the micellar colloids 
(^.g.. soaps), as well as those with fibre-shaped macro-molecule*-, and 
their solutions. 

The high viscosity of the solutions of rod -shaped particles can he 
explained by assuming a great size of their “spheres of action.” It is 
therefore possible to prepare a solution of linear particdcs in wdiicii each 
particle is completely solvated — and still remains in interaction witli tin* 
neighbouring molecules (or rni<'elles},*'- The viscosity of gel—olutuHis 
of this kind may attain extremely high values- -some high-molei ular 
substances give solutions with vi.scositie.s a l(X> times greater than that 
of the pure solvent. This is characteristic for linear colloids ; it :ooHtd 
never occur ioith sphero-colloids. 

Solutions of linear colloids shf>w deviations from the Ilagen and 
Poiseuille law, which become greater with growing length of the par- 
ticles.®* Solid linear colloids are dissolved with strong swelling, ^\luch 
becomes especially intense with the longer particles.®^ 

The difference in the colloidal behaviour of the two classes can be 
further demonstrated by the following example. By polymerising 
unsaturated compounds-— tor instance, styrene — in a soIuli(»n of soap, it 
is possible nowadays to prepare an artificial latex, whose internal struc- 
ture does not greatly differ from that of the natural product.®® The 
polystyrene-latex and natural latex both contain spherical particles. 
By changing the condition^, it i.s possible to obtain particles (d diffen-nt 
.size, and polystyrenes witii a different order of pulymeri-salion.®"^ 

Molecular colloids may be sphero-colloids, but are usually linear colloids. 
Molecular colloid.s, with spherical particl<*s, ha\'e l>e-en so far oliserved with 
proteins only ; SvedlK-rg and N . Lewis. / Amer. Chem. Hoc,, 1028, 50* ^2^, and 
subsequent papers ; G. IViehm and R, Signei, IJelv. chim. acta, 1931, 14^ *370. 
A synthetic preparation of a spherical colloid remains yet to be achieved ; by 
polymerisation of unsaturated conifjounds so far onlv linear colloids have lx‘<!u 
obtained. 

H. Staudinger and W. Ifeucr, 7. physik. Chemie {A), 1934, *7G 

H, Staudinger, Trans. Faraday Sue', 1933, 29. 

H. Staudinger and H. Macherner. Her., 1929, 6a, 2924 ; H, Staudinger and 
\V. Heuer, Book, p. 191. 

H. Staudinger, Kolloid. Z., 1931, 54, 135 ; Book, p. 138. 

^3’t‘benindustrie» 13. P. 307,930 and Hr. Fr. 709,592. 

See the forthcoming paj>er bv H. Staudinger and E. Husemann, Ber., U}\^ 
68, 1631, 
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The emulsions of latex are sphero-colloidal solutions, havin^^, there- 
fore, a low specific viscosity (0*025 at a concentration of 1 per cent.), 
independent of the size of the latex-drops and of the macromolecules of 
polystyrene from which these drops are built up. These results are 
confirmed by the investigations of Bancelin on rubber suspensions. 

The polystyrene can be precipitated from the synthetic latex by the 
same substances which precipitate rubber from rubber-latex, e.g., acetic 
acid or ace- 
tone. By dis- 
solving the 
precipitated 
p o I s t y r e n e 
in benzem', we 
obtain highly 
viscous sohi> 
t i o n s of .1 
linear -collodial 
type. Table 
X. gives a com- 
pa risen be- 
tween the vi^- 
eO'^ities of a 

I per cent, st^lution of polystyrene-l.irex and a polystyrene-solution of 
the '-ante coneentrat ion. 'I'he relation i'^ sometimes as high as lOOO; it 
I' seen that tlic visro^itifs ot the polystyrene solutions change strongly 
with the length of the molecules. 

Table X. is e,speei<illy in^tnictivo, and shows clearly the influence of 
the shape of the eolioidal particle^ upon the viscosity of colloidal 
><‘lulions. Tile nia>s (»f the particle‘s is of no importance : the drops 
which arc contained in an eniubion ot polystyrene are 10® to 10® times 
licavier than the ma.cro-moleeuic'^ of a polystyrene solution. 

GEXERAL DISrrSSlOX. 

Dr. R. Houwink said : I sugge.st that the view that poly- 

comh'Hsations do not vkUI eucolloidal pnKlucts must t>e restricted to 
linear jx:)iym<*rs. I or threo-cliinensional polymers the phenol-formaldehyde 
resins are a proof (»f the contrary. I would like to know how* the low vis- 
cosity (>i a i>olystyrene latex can In* brought into accordance with the 
rigidity of the pv>}v.styn ne chain molecules, which has often been defended 
by lYofessor Staudiiigiu' 

Professor K. H. Meyer ((iewcctd said : Dr. Staudinger says, in 
( liapter \T. of his piajKT, that there was much discussion as to whether 
substances such as cellulose iurc built up from macromolecules or from 
micedles. We tinnk that this alternative is not justified. Cellulose is 
built up from long chains, the length of which was detennined (by a 
Koentgenographical methods by Mark ami myself** as early as 102S to 
CMrrt*sp<.uKl to at l(*ast o>o glucose residues,"^** w hich is in harmony with the 

Banvehn, i ^ mhi. 152, 13s.*. 

** Z. phY^tk, thrift , 2B, T.:S. 

Tht‘ first prfhiiunary v.ilue of 30-50 glucose resit quoted sev<*ral times 
l>y Staudinger. was replaccil in 102S by the value of **at least 100 residues, held 
t^igctln r by eollobiose linkages/' whict resulted from our own measurements. 
At this time Staudinges ’s views on the .structure of celluhx^e wm* still quite un- 
detiiU'd ; he wrote [A tot . loio, 474, 150) ; /?ri di^r Ctdlulose tA dtr n v/t 

W/t obdtv ctn^rtnnt MrlrhtUr trie Oiukost-, CrliobioseafthydnJ-Moickuic dtftch 
^humaU odrt dutch hootdouitnt L\K'ah:nz 4 :n jgebumien sind. 


TABLE X. — Comparison between the Specific Vis- 
cosities OF I 1*ER Cent. Solutions of Polystyrene- 
latex AND OF Polystyrene in Benzene. 


(.\fter experiments by E. Hu.semann.) 



1 Molrcular Weight 
j of Polystyrene. 

' j 

^sp (i Per Cent.) 
of the Latex. 

’isp (i Per Cent.) 

1 of the Polystyrene 

1 Solution. 

1 

Latex I 

. 1 750.000 

1 0*027 

i8o*o 

11 

. j 400,000 

j 0*02 8 

32*6 

. in 

-.•75.000 

j 0024 

10*5 

.. i\ 

. j 1 75,000 

1 0*026 

1 

5*6 

t 
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recent work of Haworth*’® who finds 200 rings in a chain. These chains 
in the natural, and any solid state are clustered together to crystalline 
aggregates, called micelles. Staudinger's alternative is expressed as if one 
were to discuss whether a house is built up of bricks or of walls. 

Staudinger considers the chemical transformation of high polymeric 
substances into polymeric analogous substances (c.g., polystyrene into 
hydropol^’styrene of the same particle size) as the most important proof for 
their macromolecular structure and against the existence of micelles or 
aggregates in solution. \\ e do not think that this argument is conclusive. 
Oleic acid is bimolecular in apolar solvents, and forms polymolecular 
micelles in aqueous alkaline solution. If we hydrogenate it, we get stcanc 
acid, which forms double molecules or ionic micelles of about the same 
particle size as olcic acid. Other acid.s will give analogous results, and 
show other characteristic particle sizes. According to Staudinger, this 
would be a definite prcx>f of the macromolecular structure," and the 
absence of micelles in these compounds. But in our opinion real physu al 
{e.g. Roentgens graphical) and chemical arguments t xist in favour of \rry 
long primary valenc\'-chains (in cellulose, ruhl>er,etc. 

On the other hand, there is, as Haworth has planted out, and Kitit al 
mentioned 111 his introductory^ ]>a{X'r. very much evidence in favour of the 
assumption that, in solution, tlu* particles of cellulose and other substances 
with dipoles are composed of several primary \’alency-chains. I'he same 
opinion has been expressed by us. but we hewe never admitted, as 
Staudinger seems to interpret our views, that the (.rvstalhne micelle^' ot 
the natural cellulose* jHTsist in the same state in the solution. On t)ie 
contrary, we emphasised that intrainicellar swelling precedes th** <iis^olu- 
tion. 

Professor H. Prlngsheim {Pans) said : I haw obstuvt'd that by 
heating inulin, even in aqueous sK'ilution. can he tran«fonm*<i into a sub- 
stance which is easily soluble in water. I haw called this substance 
“ Inulan " while Dr. Katz prefers to call it " soluble inulm ' 1 his sul>- 

stance if left for a certain length of time in a dcssicator will change* hack 
into the original mulin with the original chemical qualities ; the s.ime 
dithcult solubility in water and the same X-ray diagram. 1 caniKit "♦•e 
how this can be explained on the liasis of the theories here lu'repted tbr 
the constitution f>f high-polyrner jxilysatcharicics an<! I W'uuid like to a>k 
whether anybody here pre.s<'nt could gut* me an explanation. 

Professor H. I, Waterman iDtlft', said : i)<K‘S ProfesMW Staudmgt t 
not agree that the conclusion : ' unsaturated cumpmnds with conjugated 

double bonds are generally mon* reactive than those witiy i.vilated doubh* 
bonds " will have inanv exceptions ? It is known from exp«.*riments m 

[ (■ - 

the Delft lalvoratory that the is<»butene C C [wlymensation even 

at — 80'“' C., has an explosive character. 

In the reaction " caouUhtaic.C'jlf^/iooo - i^kjoH, Hydri>caout- 
chouc/CJliooc " was it prov<*d that {a) the raw material which is hydro- 
genated is absolutely free from rings, and there is no cr^vcking or ring 
formation during the hydrogenation 

I'riK. Addre^i^, Sect Cht'mrUty, lint. /D.w,. i*#35. 

It seems to have been foTg<nten tluit the macromoh e uhir ccHobio.se fonuula 
of cellulc)se was propc^sed long agu %vjth veiy stiong arguments b\ diherent 
authors, eg., Jacobson m tin; Lehrhurh dev or^umschtn i hemu (Meyer-Jakulwon, 
who says ; W';r kdnnrn ans dtr Ge amtheii dtr Kigma/taJUn 
[der J\4y, sac haride) schlie^sen, miH ufft Korper von ^ehr hohem MoUkulat- 

geutcht handeli. In einzdncn I’dlUtn gelingt cs, duteh i:i*m4sstgU Hydrolyset 
Dxsaccharidc abzuspalien {Maltose aits Stdrke, Celhlnosr aus Cdiukr^e). ,\!an 
day/ dann schltessen, dass. die in diescn Disaccharidrn suk findende Vetkei- 
tungsart/e zweier MoftosuccharidcveAe auch detn moUhulunn Aujbau des. komptexin 
d^olysacc hands zugrunde liegt. 
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In my opinion a cracking reaction cannot generally be accepted as a 
proof of the constitution of styrene polymers. The cracking reaction was 
indeed proposed by I*r<jfessor Staudinger during the discussion on de Boer's 
paper as an argument for a special constitution. I believe that this can 
give rise to mistakes, unless it is proved in another way that the decomposi- 
tion in cracking is not combined with side-reactions» e.g., pol>Tnensation. 

Dr. E. Herrmann {Rehoboik) said : (i) One cannot divide the polymer- 
isable substances into two classes : substances polymerising spontaneously 
and substances jxjlymerised under the influence of catalysts. Indene, 
on keeping, jx>lyinenses easily, whilst according to l-^ofessor 
Staudinger s statcunent a catalyst is necessary. If one considers poly- 
merisatK»n as a chain r<‘action, even on theoretical reasons the above 
discrimination cannot hr maintained, since the chain needs a starter 
catalyst 

[2) the statement that negative groups, such as phenyl or chlorine, 
increase* the |X)lyinerisability of <‘thylene compounds, applies only for 
the pair ethvlcne-Htyrene, whilst in the cast‘ of butadiene-phenylbutadiene 
the revtTse is true, the careful .study of the influence of substituents 
may give, from the chemical side, an insight into the nature of the " steric 
factor. ’ concerned in the |H)lyinensations, a.s hcis been discussed already 
with n gard tv) previous pa][x:rs. 

13. Kegarding the constitutional regularity of the pohTuerisation 
process, a pajx*r by Midgley and Henne may i>e quoted ; they showed 
that the dimrns;ition (d isoprene with sovlium metal lu presence of hydrogen 
gives not only the diinensation corTespf>nding to natural rubber 

- Olj - < . V H ^ i ll, <'H-— C -CH-CH* 

1 

CU, CH, 

but aKo the folloNsing chains : 

c }[, r < H — CH5-TH-C--CH5 

i'll, CH, 

and < H, bH C - iU. CH, -T --C'H— CH,- . 

CH, CH, 

The conclusion is oIa ious that if the same applies to the />o/vmerisatioa 
poxess, the regularity necessary for giving an X-ray pattern will not be 
reached, and that may account for the failure to obtain X-ray diagrams 
from artificial [Xilyprene. 

Professor H. Mark {Wun} said : Fur everylxHly who seeks to study 
the kinetics of jxiUTiieTisation reactions Table L of Staudingcr's contribu- 
tion is cd the greaust inqxirtunce. It will l>e the main task of physical 
measurements and of calculations, which are l>ased on these measurements, 
to explain why several substances polymerise with difficulty, whilst other 
very similai* substances pol^Tnerise easily. It seems to me that the idea 
of chain reactions, w hich has already bcim pointed out by diflerent authors 
(as mentioned by Professor Rideal in Ixis introductory paper) and which 
l>r. Dostal and 1 have worked out to a certain extent, famishes a sufficient 
number of jxissibilities of explaining the complicated f x{X!rimental l>e- 
haviour. 

That ethylene does not polymerise may be undersUxxl from the fact 
that the iiuuble bond in this molecule is activated only at somewhat high 
temperatures, at which the chains formed by this activation disintegrate 
again with a remarkable velocity. Fhis means, that nuclei arc only built 
with appreciable rate at temperatures, ’*vhich are so high that the resulting 
product is already unstable. On the other band, it wiis found jxvssible 
to ix)iymcrise ethylene together with styTcne or vinyl chloride This 
is due to the tact that the radicals, which induce the |)oJymerisation of 
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styrene are sufficiently active to induce also the polymerisation of ethylene. 
That polymerising substances may induce other substances to polymerise 
with them has a certain analogy to similar effects in explosions and is 
characteristic for the occurrence of a chain reaction. The large amount 
of material contaiiu*cl in the numerous publications of Professor Staudmger 
furnishes a great numl>er of valuable points of view for the (piantitatiN e 
analysis of polymerisation reactions. 

The fact that condensations and especially esterifications mostly lead 
only to hemicolloid molecules of medium chain-length can very easih' be 
understood from the vStandpoint of a chain reaction. In these cases the 
rate of the first step of the polymerisation which leads from A, to is, 
in regard to its activation energy, identical with <*very step which leads 
from to A„ 4 i. In ail cases one has to deal with the splitting-oft of 
water, bv which an ester is built. .\n activated stale or a free radical 
is not to hi' taken in account, 'fherefore one sees no reason why. after 
a slow chain production, a rapid chain growth shouUl begin One has 
simply a reaction of stepwise esterification, which slowly builds up tin* 
macromoleculcs. At the same time new molecules A,, Xg. etc , are always 
formed and together with the slowly growing chains to form the mon<»- 
meric malenal. The formuke which we have derived in our contribution 
make it possible to follow this Indiaviour <]uantitativeiy 

Dr. J. H. de Boer {Eindhoven} said : U may be‘ assumed tliat some 
threaddike polymers a stretched form in sfune lupnds in which they 

are solvatated to a higli degree, while tlie saiia' jKdymers will have a spiral 
form in other liquids which are not bouml by solvation forces When a 
chain has the pro|x-rty of givdng a spiral form by the working nf the van 
der Waals’ forces along the chain, one may aspt«ct this in tin* first placr* in 
the dilute gaseous slate Wiien lirought into a liquid, tln*ri* are two 
possibilities. Sup]>ose we have a }.M»lymer molecule A ... A and tw»» 
molecules of some liquid IJ, we may distinguish the combinations 

y A ... A, 

B B 

in which each A-grouj> ha.s bound a molecule B by van der Waals* fortes, 
and 

A 

II -r BB. 

A 


in which the A-groups attract each other and the molecul<‘s B do th<* same, 
In case I. we have the van der Waals' binding energy 

a , ^ t*-'. „ ' 

■i ‘'i -T ‘■U 

wht^rcas we have in case II ; 


Qii ' 




When ' v,, and so wiien the ilispersion liquid has alx>ut the 

same physical properties as tht* gruuj^is of the ixjlyrncr, 

<?i (Ai 

On account of, let us say, st<‘nc factors, we may expt*ct that the A-.A-attrac- 
tion is smaller than it would Ik* when the .\-groups were entirely frtv, ,so 

and there will be a great solvation and a tendency to form stretched 
molecules in this liquid. 

When, however, vj^ i-u and » a^, iis when the molecules of the 
liquid have entirely other jihysical pnqwties than the groups of the 
polymer, then 

iJt 

and there may be a tendency to form .spirals, and the solvation is small. 
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This behaviour seems to me to Ikj in accordance with the results of 
Professor Signer,’* where he states that there is a large double retraction 
of flow in the case of polystyrene, dissolved in benzene, toluene or the like, 
but that in other liquids the tiouble refraction of tlow has much smaller 
values and tlie molecules ot i)olystyrene have not a stretched form. This 
latter behaviour may be ex{H‘cte<l to a higher degree, the greater the 
tiillerence between the molecules of the li([uid and the groups of the 
jxilymer. 

Dr. E. W. Faw'cett ( said: In connection with Professor 
Staudinger’s remarks on th(‘ relatue ease of polymerisation of various 
unsaturated com])oim(ls, 1 should lik<‘ to repi^rt some preliminary results 
on the jKilynierisalion of ethylene under high pressures. The polymerisa- 
tion (.)f ethylene when earned out at ordinary' or moderately high p>res^ures 
with or withf>ut the additajii of catalysts, does not usually lead to the 
production of pnxlucts td very high molecular weight — the products 
generally being in]uids of molecuiar weight of tht‘ order of 100-500. When, 
howevtT, ethylene is healtxl to 1 70 ( . under a pressure of about 1000 atm^., 
a slow pidymerisation tvccurs leading to the production of a white solid 
polymer. I’his is insolubU* in ac<*tonc, and moderately stduble in Ix-nzene, 
lias a carbon and hydrogen oaiteui eorit'^poruling t<-) the formula 
and a moh'cular weiglit by boihng-pomt elevation in benzene of about 
|oo(> In spite ot the fa<, t tlnit tin* reaction was bv no means complete — 
only al>out 10 jht cent of the ethvlene h.itl reacted - no lupiid product^ of 
low nndocular wt'ight wc-re juoduced. and th(‘ reaction ap{»ears to be quite 
analogous to the well-kmwvn Lham polymen.sation oi styrene and similar 
sul^statKes When an attempt was made to carry out the reaction at a 
pressure great(*r than i.px) atnis , a very violent exothermic reaction 
occurnxi with the producti<»u ni cmiUjii, hydrogen and simple hydro- 
carl wins. 

Professor H. Stuudinger {h)tiLu>i: 2. lit in nqily, said: 1 will take 
tliose questions together whicii a similar Held. In regard to the 

qu<‘sti<.»nN of Watt rman. iVrgm.inn, Mark, and i awcett, it should be 
pointed out (as H. Mark has already statt‘d:, that I’able 1 of my pajxT is 
only of a <|uahtiitu‘e mituie m .)r<ier to tlirect attention lo the multipiKit, 
f't the pheutimi’iKt .Natinallv, it is very ilitticnlt to decule wheth>*r an 
unsaluiated substanve polymenses with or without a catalyst, becau-x- 
tract's of mipuntie^, < <: . pcioxido, can accelerate the pxilymerisatr m 
t atalvtk all>‘ it may' observed that t>rdmary vinyl acetate, when 
heated \i> loo -1:10 , |xdymensis within a few days. W hen air is caivtully 
eliminated a sample can Ih' heated for sevt ral immths without jHiiyinensa- 
tion taking pkue.’* I heref<»re iiumtTous investigations will f>e recuured 
in ord<-r to supplenu nt the qualitative facts with quantitative data. (. er- 
tainlv the work at present I ving carried out by Ruleal and his collafx>rators, 
f)V Mark and others, will iontnhute much to increase our knowledge in this 
diiection, which is also of gnvit imixutance to industrial chemistry 

An cxplosum-Uko course of the polymerisation was rejKatedly tilisorved 
in the cases tin* jK>lymensatiou of monomeric f<»rmaklehydc, of acrylic 
esters and ethylene t>xides. The reason for this is that these jx>lymens.i- 
tious are strongly exothermic reactions. On accminl of this large develop- 
ment of heat the more volatile compounds evajx»rate to a large extent, 
giving rise to very high vajxmr pressures/* 

In my pajxT I mentioned that very high molecular weight products 
can arise only' by the peculiar chain pol\"mensation process, but nut by 
tX)lycf>mlen.sation reactions. As Mr. Houwink correctly remarks, this 
statt'inent hohlsonly for linear macroiuolecules but not for three-dimeasu>nal 
macrt)nu»lecules. In the phenol formaldehyde jx»lycondensation reaction 

This \ol., p. JQO. 

H. Staudmgei and A Schwalbach, Lirh. IU51, 3-» 

Compare H. Staiidmger and O. Schweitzer, Bet., 62, *307. 
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ver>^ large three-dimensional macroinolecules can be formed. On the other 
hand, it is very unlikely tliat linear high molecular weight products of 
eucolloidal character can l>e built up by i^olycondensation processes, 
because in this case the numl)er of reactive parts of the molecules is com- 
paratively small, as 1*1. Mark has also |X)inted out. 

In regard to the question of IVfifessor Waterman as to the transforma- 
tion of caoutchouc into hydrocaoutchouc I have to remark that the catalytic 
hydrogenation is carried c»ut with very dilute solutions, a cxmdition under 
which cvclisation canned occur. In addition a series <»f JX)I>^neric homo- 
logous caoutclioucs of ditieient average molecular weights was transformed 
into the polymeric cinalogous hvdrocaoutchoucs, which finis is a proof of the 
inacroinolccular structun^ of caoutchouc.’* 

In regard to thi' remark.^ of Dr. de Boer, it would, of course, Ir* very 
interesting if one and the saint* macromtdccult* ctiuld exist ni one ca.se as 
a linear colloid, and in another as a .sphcro-coll<>id. In luunojKilar .stilvents 
][X)Iystyrene moltcules are linear colKuds. It is pissible to imagine in a 
heteropolar solvent tiiat a thread molecule eoultl roll up, thus assuming 
a sphere-like form, since in this ca.sc only wi ak van diT WaaLs' forct'> exist 
between the solvent and the di-ssolve<i siihstancf*. HowevtT, ex{'M*ninent,s 
in this directum have not yet proved suctoslul In the f»tvlyst> riuie latex 
the colloid particles are not single molecules of iKdystyrcm* Tidied u}> in tht' 
fonn of spheres, but a single latex drop ha^ approximately spherual shajx* 
and IS estimated to contain lo* single molrculrs fornuiig one min ne 

I regret that Professor Kurt Meyer ’* once nir>re brings forward a <juestion 
which I cnn.sider to have ix*en completely answer etl Jong ago by ihe dis- 
cussions of recent years. K. H. Meyer is of tlie opinion that the macro- 
molecular nature of high moUx:ular weight comfx)nn<ls is not ilehnitely 
prov'ed by their transformation into polymeric analogous jiroducts, and he 
quotes, e.s;., that in the transformation <»f a soap micelle int(» fatty acid 
esters and als<> in the transition of a fatty acid into its dcnv^atives a change 
of the particle.s occurs. To this I can only punt out that iJic prcxif of the 
macromolecular structure of synthetic as well its natural high mobxular 
weight compound.s, such as rublxT and cellulose, depmds nt.>t upjii a 
single but upon nuraerinis reactions giving results that agree well with 
each other.” 

Nimi<*rous Ht*nes of p»lym**nc h<unoIog(His prmlucts have Uxm pre|xire<l. 
and the change of physical projHrrtiea with midecular weight has lieen 
carelully inve.stigated. Sinci* these changes lake place m a strictly regular 
manner, one is tmtitled t(:» draw tlie condusuui that high molecular ,«id low 
molecular weight compmnds a similar structure. Acc<»rding to 

this, the end nu ndxTs of a p/lvnienc homologous st-^ries ir of rubber 
and cellulose) have the same molecular structure as the memlx'rs at the 
beginning of the scries. Tlhur structure i.s a macromoU'Cular one arul not 
a micellar one. Hence, m additeiu, the transformation of various meiwb<?r» 


Lcinpare II, St4iudniji^(. r and h. <J //ci . lo^. 

In footnote K II Meyei quotes from Afjnahn 1920, but he (ioen not add 
that in tins very piihlication, <;n 271, detailed rrasoiiA were put forward 

to show that, based on expernnenis with the |‘oJyoxymethvle«<^. a niacro- 
molerular .structure must idso Ir .i^isunurd in the case of crUuh^ Ihui 
assumption was fiften nuide m times j:one bv. but in the past lo years it 
frequently been rejer ted, e,**pecjallv bv X-ray workers The macroniok^tuhir 
.stnicture of cellulose w;cs finalh pnned by the preparation of fioU'lurric homo- 
logous an<i their transforni.ition into polvmenc analogous products* mul 

moreover, the irioltM ular weight of the » rJhihm' moleeuJr was determined t>v 
vuscosity measurements I heeajher h> pothes4\s fd K H. Meyitr a* to the xirr 
of th^ cellulose nuj eone, which he quotes, have never l>een put a .sutficientjv 
sound experimental bam*, * 

.<, 34 . aa. 797 anU 7r^«*. 

i rrbmdHmgrn. 
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of one polymeric homologous series into the corresponding p<jlyraeric 
anal(3gous products shows that in the case of the high molecular weight 
products analogous chemical transformations can be carried out, as can 
be done with comjKmnds of low molecular weight. 

Furthermore, K. H. Meyer points out that the opinion set forth in 
ray publications is not in contradiction to hi.s, since solid cry.'^talline 
cellulose is built up of raicellt^s wdiich, also, in his opinion, are split into 
single mokr^ules when brought into solution. 1 must remind I-^ofessor 
Meyer of Ins earlier publications of in which the h^'pothesis w as set 

forth that, in analogy with the ideas of K. O. Herzog,’* the micelles in a 
solution and in the sr^lid sUite wvre said to have a similar size. Such a 
micelle was hupp(jse<l to Ih‘ built up of 40-60 primary valency chains, each 
chain containing 30-51) glucose residues. •• This conception was generali.sed 
and such a imcellar structure wa^^ put forward as applicable to all high 
molecular weight < oni|)oiinds. The colloidal properties of their solutions 
were thought to dciH iident on the micellar structure of the colloid 
particles. In contr4idiction to thi-. I have furnished pnx:>f that the 
colloidal ^>4irticles <d a dilute Hohitmu of cellulose and its derivative'* jUSt 
AS in the i.aM' of the s/)lutious of synthetic high i>olymers are identical with 
the nuuT<*moiecules themselves. an<i tliat the colloidal propertie.s of these 
solutions, f*s]:N,‘c la-lly tlunr high viscoMty, do nut dep>end on the micellar 
structure of the partu ks, but the f.ict that they are built up of long 

thrt'iid m<*le^uleN I<» i^ive a paralU l. the dutereucc lx.?twecn the two con- 
ceptions ruay ptes< nted ,i> follow?, a micelle, according to K. H Meyer, 
IS repres<*nted by a Nenes of nnis collected into a bundle similar to 

matches in a Im*\ A macTomulecuIe. on the otfier hand, is to lx* compared 
with a \ery h«ng thin onb 5^s» to lots'* tnnc*s longer than it is thick. 

In thi> ( tnuit'ction, 1 shfuild like to discuss the remark of Professor 
l^ingsheim with regard to the constitution muhn. Although unable to 
answer his {piestiun, smc4* investigations on iiiuhn have not yet been carried 
out m the breiburg lalioratt'neN. I want to ptunt out that the e valence 
ohtaimxl for the maciv*m» Secular >rriK'ture of celUih)se canned lx; directly 
applml to pio\<- a ni.u, uUi structure ni muhn. Morco\er, it will 

\h^ ne^essar)’ to ehn.uhUt^ alsu in this cum* the structure and size of the 
molecules at<,/irdmg to the nuth-nK ,.f organu chemistry Ixdore relati'Ui- 
shi{)S Ix'twtsrn the physical pi*»{H'ities and the constitution (*f the molecules 
can Ix' ut>tained , <*n!v v\hru this has Ixvn estibhshed aui Dr. IVingsbeim s 
qui'*?itu>n lx answered 

i would hk<' emphasise- the f.u t that in the tield (d the high mulosular 
weight compnmds the same t utiook .slx^uld adopU'<l as for the low 
molecular weight t oini»* aindts therefore, it must lx clearly realised that 
Ski ph \ Ml a/ iMrntu aS rhr> t'f itHtUcautt ^uhsiUHiis dtpnid 

upon Shi \iriii Sufi ftnd ikt v?,, ^r/ //n ir Miiirromokt t%nd fioS upoK j 1\ pt^ 
of »«u</k#r ^tfi4iSurt\ as lias Ixxn }>reviouHly suggested by K H Meyer and 
manv iolloid ihcinisis 

In coiulusiou, 1 max draw attention to the luliowmg interesting n inaiks 
of K. H, Meyer whu h ctiaiacteTiM* clearly his earlier jxhnt of \ iew on the 
coiioul jiiirtkles id solutions of high |xilvmer.s . ” It is unsuitable to design 
nate ;is molecules the units which we ilesignate as mam valency chains 
and wduch |x>ssess ditterent chain lengths : for their average sixe cannot 
lx tletenmmxt by the osmotic meth*Hls of moU*cular weight xieterminati/ns^ 
moreover tkrsr ptrm^h Sht' uv^^hs of a mutllr cinnpoxd i>f uiaju ; oh u. v 


ofiiiit . t him , 4i» 635. 

'* K O Hei rug, bVr . IUZ5, 125.1 
K U Mryef ami H. Mark Hn , Iii* 503, 

/ iinfstt: i kftfoc, 4t« V46. 
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Introduction. 


In two subsequent papers three groups of materials which arc impor- 
tant representatives of amorphous matter will be dealt with, namelv, 
asphalts, resins and glass.^ An attempt will be made to obtain a deeper 
insight into the causes of their elastic behaviour and of their mechanical 
strength. In order to do this it will first be necessary to give certain 
facts about elasticity in general, and about the internal structure of the 
materials under consideration. Attention will then be focussed upon 
certain characteristic details of their elastic behaviour ; specially Young \s 
modulus and tensile strength will be studied, and an attempt m\\ be 
made to explain the observations on the basis of the theories about the 
internal structure of the materials. In the next paper the phenomena 
of high elasticity will be treated on the same hasi.s. 


§ 1. The Elasticity and Tensile Strength of Matter. 


Kxperiments have shown that as a rule Hooke’s law 

F 


(0 


where c is the elongation (A///), F i.', the force (tension per cm,*) and £ 
is the modulus of elasticity oung’s modulus), may t>e applied more 
accurately to a nuiterial, the harder and the more rigid the material is. 
Ordinarily one may .say tiiat, in the case of a rigid body, the deformations 
under small stresses are truly elastic, i e., after the releiise of the .stress 
the original state is quickly «uid completely regained. 

With the materials under ((m.-'ideralion Young's modulus is a wry 
important physical quantity, he»'ause it measures directly the deform- 
ability of the structural units of a body and of the bonds between them. 
The study of Young’s modulus under varying conditions may, therefore, 
enable us to get more insight into the deformability of the atom.s and 


^ H whether or v,o\ the.sc inalerials are alwa>Ti truly amorphous. 

t' asphaltenes are cryfitalhnc graphite, acu^rd- 

ii3g to h, J. Ivellensteyn I etr 1 echn.. 192^, 10, 311b In gla^H Home authors 
to be ])re.sent (J. T. Ke\ntJan and co-workers, H . Krnt,, 19^0. 
investigations, howexcr. do not confirm this opinion (see B K 

n prc^cm, X' bfncgleacip ®' s«ch snull crystallite*: 
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rPistancBx 


into the strength of the internal bonds of a material, a problem of great 
importance for high polymers. 

Taking into account the attractive and repulsive forces F between 
two atoms i and 2 of a material, the interatomic distance a will be as 
shown in Fig. p p. 

In order to remove r 

atom 2 from the 
sphere of attraction 

of atom I, an at- \^ractive FoTce 

tractive force must 

be overcome. When ^ 

the distance has 

been increased by ^ 

an amount a' - a, n — ^PistanCB. 

the attractive force / "" i 

reaches a maxi- / 

mum after £. I ^P^lsiVe fbrce 

which the force // / 

decreases again. [ // j 

One niay therefore I t 

Say that a' — a » * 

c<»rresponds to the 

e longation c when ,, ^ r- 

11 I i iG. r, — Diagrammatic representation of the Forces 

the \Kla value between two atoms i and 2. 

rraclied. F^ repre* 

sent< the rupture strength per pair of atoms. As follows from an article 
by de Boer,^ the modulu.s of elasticity of the bond between atoms I and 2 
is represented by the distance £, when no account is given to Poisson’s 
Ratio. 

The rupture energN” for this pair of atoms can now be calculated as 


'j^pulsive fbree 


-Diagrammatic representation of the Forces 
between two atoms i and 2. 


and i.< represented l)y the cross-hatched area in Fig. I. 

For the aliphatic C — C bond, w hich is of special interest in our problems, 
6*95 electron volts (160 kg. caJ. per gram equivalent), cf. de Boer.=^ 


§ 2. Theories about the Internal Structure of Asphalts, Resins 

and Glass. 

The amorphous materiiUs may be divided into two groups, namely, 
one in w'hich the structural units (or groups of these units) cohere by means 
of pnmar\' bonds, and one in wliich the coherence is etiected by means 
oi secondary' bond.s (by van der Waals’ forces, for exiimple). There is 
a great difference in energy content between these two kinds of bonds 
(c/ the paper presented to the present discussion by J. H. de Bocr^ , 
and it is one of our purposes to deal with the elastic properties of the 
amorphous materials on tiie basis of that energy difference. For this 
reason it h necessary^ to point out briefly the part played by the different 
bonds in the formation of the substances under discussion. 

’ J. H. de Boer, Trans, Faraday 5 <JC., this volume. Dr. de Boer remarked in 
a discussion that one cannot assume merely from Fig. i that a large energ>" 
content will always result in a largo modulus £. To undersUzid this relation 
one lias to consider tliat a large energy content w'ill result in a small interatonuc 
distance a and, as a consequence of this, the tangent in 2 will be steeper. 
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(1) In the case of asphalts, asphaltenes are assumed to be present, 
in which the coherence is probably effected by primar>^ bonds,* together 
with petrolenes/ which consist of asphaltic resins and oily constituents 
bound to each other and to the asphaltenes by means of secondary 
bonds. The so-called steam refined asphalts contain roughly 20 per cent, 
of asphaltenes, and this content may be increased by means of oxidation 
(combined with a destructive distillation) to about 30 per cent, such as is 
encountered in many of the so-called blown asphalts. 

(2) The ('a'^c with resins (only the three-dimensionally polymerising 
resins are cou'^idered here) is much more complicated. The author ^ hd> 
already described in full how one may assume non-crystalline micelles 
to be present in a non-hardening resin and in the fusible (and soluble) A 
stage of a hardening resin as w’elJ. These micelles are assumed to cohere 
by means of secondar>’ bonds. These bonds may In* compared wiili tho'^e 
in asphalts. The case of the hardening resins i> different from that r>t 
the non-hardening resins in so far as in the hardening resins reactive spot’- 
are supposed to l)e present on the surface of the micelles which enable 
the micelles to react with each other. As a conse(picnce of the re-aiting 
growth of the micelles the resin passes from its (assumed) isogcl -tatc 
through the B stage (somewhat fusible and only f)artiy soluble, still an 
isogel) into the infusil'jle C stage. Since this re-nuheation will be d- alt 
with in detail later, a scheme which probably re}»resents the chief rc-e • 
tion * is reproduced in Fig. 2. 

According to this scheme only primary bonds would b<* pn^scn? in 
the macromolecule formed. We shall see in how far tlie data concerning 
mechanical profierties support this conception. In the following dis- 
cussion the resins in the A, B and (' states will otteti be denoted A, 
B and C resins resp>ectively. 

(3) The most detailed description of glass h.as been given by 
Tammann.^ According to this author, during the cooling ot a liquid 
gla.'^s, when a certain temperature 7 / i.s reached, tlie freely rotating moh- 
cules begin to cohere to fonn larger units (gel or isogei state ; I'ompare note 
5), At a second (lower* temperature / p this coherence should br 1 om- 
pletc so that below no freely rotating molecule.’^ should i)e prevail 
The region between I f and Tg is u*‘ually called the transformation intaioi 
and correspond.s to a viscosity of about to** poises. Tamm4mn obviously 
assumes j’hmary bonds to be present in the molecules. In the tempera- 
ture interv’al from If to Tg the formation of secondary bomls l)ei\vi‘e;i 
the niol('culc> i< f epted bv some authors.* .\nother opinion, somewii.it 
contradictory to the .dK>vi, i-, that of Zacharia^cm,* who a--.sumes ff^r 
certain kinds of gla.-^s a coherence of ions (called atoms by him, as n otren 

® F, J. Nellensteyn, fof>tnotf x. 

*C. Mack, Pfoc, (if trehn. Sesraon Assve. of Asphalt Techn., Dec., 1933 , H. 
Mack, J, Phys, Chem., 1932, 36, 2901. 

® K. Houwink, Physikalisch^ Pi^rnschafien und feinbau von A'o/iir- unJ 
Kunsiharzen, Leipzig, 1934. 

•There are other opinions al)out the reaction scheme. In «o far, houever. 
as they also assume a molecular growth by means of primar>' bonds, our general 
considerations to be developed in this pajK-r. xnutatis nmtandw, will remain the 
same.^ In addition, secondary reactions will of course also take place. 

^ laminann, JJcr Giaszustand, Leipzig, 1933. 

•See for a survey of the problem, L, Berger, Z. Uchn. Physik, 1934, 15, 
443. In this survey Berger assumes IxAh ** chemical " bonds and physical ‘ 
bonds to play a r6Ie. 

» W. H. Zachanasen, J. Amet. Chem. Soc., tgji. 54, 3841 ; J. Chtm. PhysU s, 
1935. 3. 162. 
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done in crystallography) which is of course effected by primary bonds. 
A more general theory of glass -formation was given by Hagg who 
in some cases introduces two kinds of primary bonds, homopr>lar and 
heteropolar. Without deciding betu'een these two last-mentioned theories, 
we may, however, fully accept the assumption made by both in regard 
to tl)e r61e of primary bonds in glass formation. The high softening 
temperature is the l)est proof of the great energy content of these bonds. 
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Fig. 2 .- -Condensation of phenol formaldehyde resin. 

This representation is very diagrammatic. The benzene nuclei must be 
imagme<l to hi* Imkcnl m three dimensions, but not in a regular manner, so that 
there IS no question of a crystalline pattern. This has been proved by means 
of X-ray measurements by W G. Burgers and R. Houwink.* 


From this point ut vnew a great similarity must he expected between 
t.hf mechanical proficrtie*^ of a C resin and those of glass. In order to make 
tlie comparison the following energ\’ contents may be mentioned . For 
a r phenol-formaldehyde resin the C — C' bonds may be assumed have 
an energy content of about lOo kg. cal. per gram equivalent (see above). 
For glass one may a.ssume an order of magnitude of about 200 kg. cal. 
for the alkah ion> in an alkali ghiss. This value increases with decreasing 
alkali content. On tln< iiasis verv’ high values for Young's modulus and 
tensile strength may be expected in both c;ises ; tlu^e quantities will 
be of a dillerent order of magnitude from those for ;isphalts <and non- 
hardening resins, where sccondaiy* bonds predominate. 


§ 3. Observations on tbe Modulus of Elasticity and Strength 
of Asphalts, Resins and Glass* 

In Table L some figures (taken pjutly from the literature) have Ixhmi 
tabulated for the modulus of elasticit)* and the tensile strength of the 
materials under discussion as wtII as of some other materials for com- 
parison. In some c;ise.'* values at the temperature of liquid air ( - 105 ^^ C ^ 

G, Higg, y. Chem. Physt^^. 1935, 3, 4a, 
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have been added, since at this temperature plastic deformations arc prac* 
ticallv excluded, a fact which is uncertain at room temperature. More- 


TABLE I. Modulus of Elasticity and Tbkstls Strbngtu or Asphalts, 

Rbsins AND Glass compared with other Materials. 



Mcxiulus of KlftSticity 
/• in k#;. mm."* 

TensiU Strength jP* io 

kg. mm.-* 

i _ . . 

1 Elooimtioa At 

Prt4>o<tionat Umit 
j « In Per Cant. 

\ 

j . . 


: At-c'C. 

! 

' At 

, ~195*C. 

1 

At 30* C. 

i At 

j-I9S*C. 

\ 

«>’C. 

Asphaltic. 


! ; 


1 

1 ■ 

Asphalt (various ^ 




1 

i _ 

grades) . • \ 

10C)-20<^ 


3 ~ 82 X 10“* 


j 

Resins, 





1 

Colophony . 
Cresol-formaid. : 

20v> 

! - ' 1 
: ) 

1 I • IO-® 

( 

1 ~ 

] ! 

A stage 

Moulded 10 min./ 

jyj 


±t * I f > ' * 

1 


I so" C, (C stage- 
Moulded min, / 

.‘if 3 


25 



150' C. (C stage/ ^ 

500 

.hu3 

V3 

• p.S 

; 0‘0 *V5 

Phenol-formald. ; | 






A stage 

Moulded 10 min. ' 

2<H> 


± I • i<» * 

' 

‘ i 

150'^ C. (C stage) : 
Moulded t>oinin ' 


( 

trO 

1 

1 

150*" C, (C stage' , 
Urea-fornuild.'* 

595 

1 050 , 

fj- 

0 

7 -A 

’ I'l 0 ; 

(cast! (C stage, . ; 
Aniline- fonnMd ; 

3io-3>o 

i 

3 

; 

! * ! 

1 

(thermoplastic) . 
Polystyrene ^mol. 

250*300 


7 


; t 

weight 4b-ooo) 


452 ! 

4* 

; ^ ^ 

! 1 ' I ; J -o 

Glas< 




i 

1 1 

Technical glasses . j 

1 

Oiher Matenali. 
CelluJos<‘ deriva- 


i 

i 

3'5-^'5 

i *•- 

f 

^ i 

1 ! 

' 1 

' < 

tives’* (arctobutyl.- 
aethyl, xanthogeni; 

35<; 2 2<K.* 


± 

j lO'ia 

1 ± 10*20 j 

Carbon .steel (0-02 


; * 


; 4 

1 1 

per cent. C.) *• . ! 

Steel, heat treated 1 

20,0<»0 

: 

29 

i 

! 

i 1 

(0*025 per cent. * 
C.)» . . ; 

2r),<iO<» 

t 

73 

1 

J 

J 

1 ! 

1 O' 25 ! 

Steel (best spnng) 

20.fXJ0 


*97 

1 

I i>-77 1 

Duralumin ** 

h.oo<j 


3b 

i . .. 

1 0*17 j 


RxyH^simvnta wcr<‘ turned out by mran^n of thi? bemliug test, dc^hbed. 
for jnstance, in K. G. Coker arni L. N. G Filon, Photo- Cambridge, 
1931. p. I -S3. In this test sj*c'c.iallv the surface layers are stretched. 

'*K. Evun.«i, y, Insi, Petr. Jerhrt., 1932, 18, 957. 

O. Manfred, Le Cou/uich. el la Getak- Pnlah , 1927, 24^ 13,703. 

** K. Frey, H^iv. Ch%m. Aria, 1935. iM, 491. 

J. Karger and IF Schnudt, A. terh Phyuk, 1925, 6, 124. These values 
were* calculated from ot»ser\'aljon*t at tetnjp»eratutc alter an irtgrtiioiis cor* 

rection f(»! the plastic part of the deformation had been made. E. Valk6, Milhatid 
Texiilber,, 1932, 13. 4O1, 

S. Timoschenko and 1 , M. I.r>sseK he^Hgke%t%Ukn, 193S. 
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over, at this low temperature one may be sure that, in resins for example, 
there will l>e no longer any freely rotating particles, so that a comparison 
with glass at room temperature seems more reasonable. 

In the first place, the low values of E and F for asphalts, and the non- 
hardening resin (colophony) demonstrate the weakness of the secondary 
bonds in these materials. In the 


second place, the values for harden- 
ing resins at room temperature are 
interesting. In the case of the 
phenol - formaldehyde resin, for 
example, the increase of H by 
polymerisation from 2(/> t(» 595 
and of F from 10 * to 67kg. mm.' * 
corresponds to the replacement of 
sccondarv* bonds by primary bonds 
as w;is iissumed in § 2, Th<' tact 
that after a heating process lasting 
t)C» min. at no further in- 

crease in /: takes plate, leads t<» 
the rorirlu'^iun th«il the j^rotess of 
polymensation has come to an end 
within that time. 

i’ooling in liquid air causes F. 
in tlte Case of the phencjl-lormaide- 
hyde resin, to increase to I050 
kg. mm * and f to 7-.^ kg. nun - 
’i'his may perliaps be explained i>y 
asMirning that at room temperature 
the <lcformati«in was still st>me- 
\'vhat pla'itic, although, on the 
other hand, Hooke’s law was i<»und 



to be apiplicablc up rupture. 
We are therefore inehm^d to ♦ on- 
si dr r the dvfonnation of sueli 
resins in lht‘ (' '-tage as truly 
elasiu. vSome (calculated) stres.s- 
slrain e\irN^*s have been repro- 
duced in Fig. The elongation 


I'lo. 3.— Strcss-strajii curves for harder- 
lag Heszos in the C stage in com- 
parison with other matenaUi, The 
curves for resins have been con- 
structed bv starting from the oh- 
M^rsed defection figures ; compare 
hK>tnote It. 


at the proportional limit (here elongation at nipture) is (or all C re>in> 


at lujuid air irmfuTaturc 0-5 to 07 per cent,, of the same magni- 
tude as for the l>est spring steel. 


$4. Explanation of the Low Tensile Properties for Hardening 
Resins on the Basis of a ** LockerstfUenthearie 

Tabic II. givcN a comparison of the tensile stengths of certain m.^tcri ds, 
as they are observed exj^xTimen tally, with the tensile strength- which 
have been calculated on a basis of theoretical consideration^. For the 
resins, the values at Itquu! air temperature have been tabulated in 
to iivoiil the possibility of plastic deformations. 

Many theorii^^ *• have been proposed to exY>iain the discrepar;c:cs 
l>ctween observed and calculated valuc^^ in the case ot cn^^allifu sub- 
stance?^. We shall not discuss all these ai length, but mention imiy the 
LockerstiUen theory* of Smckal which seems to l>c of e^Tjwcial in tore-* in 

See next page. 
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connection with our subject. In this theory structural defects 
(Lockerstellen) are assumed to be present in a crystal. In the neighbour- 
hood of these defects a concentration of stresses is assumed to occur, 
leading to the observed low “ technical strength.*’ 

TABLE II. — Comparison of Experimental and Theoretical Values of 

Tensile Strength F , 


I 

F {observed). T (c^ilculated). 


Phenul-formaldfhyde resin (C stage) at j 

- 195' C. . * . . . . j 7*8 kg. mm.-» 

Crescd formaldchwlc resin (C stage) at I 

- 105 - C. . . . . I 

Glass normally . . . . \ ^ 5 >> 

Glass under spt‘cial conditions . . < 350-030 .. 

NaCl cry stal * normally . . . | 0 6 

NaCl crystal under special conditions . i up to i(»o 


I 


4300 ItR- mill. 


' 38(X) 

\ 1 100 ** ,, 


An expLinarion of the similar discrepancy between the observed and 
calculated strength of glass {cf. Table If.) may be .sought in the theor>' of 
Griffith.^’ According to this conception, tlu* discrepancy is partly tlue 
to tile fact that rupture doc,s not take place simultaneously tiver tlie 
whole cross-.^'cetion of an amorphous body, l)ut that it starts from 
accidental cracks (Haw.s) at which a concentration of .stresses is again 
assumed to occur. Some authors draw s[H*t la) .ittention to cracks on 
tile surface, while others (cf. loc. cU.^^, page jB) assume the faults 

to be distributed througiiout the bulk of the glas^, and to become especi- 
ally liable to cause rupture when they nxich the surface. In our opinion 
there are several rcitsons for accepting a similar picture in the case ot 
C resins. The flaws in this latter <'ase will not, howev^cr, be accidental 
and due to some exterior intluenre (a> is assumed by some authors), 
but oill be structural features of staiisU cal nature. They may, therefore, 
be compared with the lj)ckerstellen of Smckal .ind we shall consider them 
as siicli. 

One of the reaM/iis for the existence of these flaws may lie in the 
fact that not all tl:'* CHj bridges which are po.ssiblc on the basi.s of big. 2 
will be formed. This l.»c*<'omes comprehensible if w'e con.sider Fig. 4 and 
remember that the ben^xae nuclei are irregularly arranged and do not 
lie all in one plane (as should be evident from the figure). At the spot 
designated by L one might assume for in.stancc that the benzene nuclei 
5 and 6 arc in sucli relativ'e positions that a chemical reaction between the 
CHjOH and the 11 groups is impossible. This might be due to the fact 
that the CH2OH group lies above the plane of the drawing and the H 
group below' it. lurthcr, the pre-.ence of occluded reaction (iroducts 
(HgO) in such a resin might give rise to ” holes ” in the macro- molecule. 

A. A. Gritiith, Phil. Tran:,., ajiA, 1O3 : Proc. Ini. Conerifs Appt. 

Mech Delft, 1924. p. 55. 

Compare A. jofie, li. Orowari and A. Sniekal in : InUmai. Con/frenre 

on Physics, Part IL. London, 1934; A. Smekal in: Handb. der Pkysik. 
Berlin, 1933 * Arec.nt .summary by W. G. Burgers and J. M. Burgers in found in 
the hirst Report on Viscosity and Plasticity, lioy. Academy oj Sciences, Amster- 
dam, 1935- 

This value was extnijiolatcd from experimental figures. Calculations, based 
on atomic considerations, would lead to much higher values. 
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Another, more important, reason for the occurrence of Lockerstellen 
may be the following. As long as a resin molecule of a certain size is 
growing by the continual addition of small molecules {for example : 

OH 


in Fig. 2) which possess but one benzene nucleus, the chance that a 
single molecule will be added at each active spot of such a growing mole- 


OH 

/\ 

OH 


/\ 

f'.VHr 

_t 3 1 pij _ 

1 5 1 

-CH,- 

! 7 ! 

■\v 

\/ 

1 

OH 

w 


OH 

} 

1 


CH.OH 

" LochetsUUe *’ ; 

CH, 



Y ^ — 

groups CH,OH 

: 



L 

and H may not 

1 


H 


lie in one plane. 

/\ 

OH 

/\ 


OH 

-\X"* 

XV-"*- 

1 6 i 

-CH,- 

. « 1 

OH . 

w 



w 


Fic. 4. — A resm macnimoleculc in which a defect (" Locktrstelle ") is assumed. 

i 'jle will be the greatest po:>sil)Ie This chance becc^mes sniailer according 
as the nwLecuit tv be added begins itself to increase in size. This may easily 
be seen by considering models of atorn-^. It may, however, also be illus- 
trated by Fig. 5a. If one assumes that at a given moment the large 
molecules A and B {whose chenucally active points are marked with 
X ) are grown together .it points i, 2 and 3, one may then assume that no 
t art her attachment 

of A to B is possible — , 

since the freedom t»f > T 

movement necessary v T a* ^ ^ V 

tor such a develop- \ j 

nunt is lacking. ^ I I V 

The St cnc conditions T ^ ® B J r ■ ^ ^ 

make the chance of T t V ^ 1 5 / 

the addition of new V I ^ 

single molecules at 

points 4. 5 » b ami 7 Fio. 5^. Fig. 56. 

e.xtremcly small, and Fig. 5a. — Further formation of laxkcxsteUen '' in a 
<»ne mav even im- hardening resin, x represents cbemicallv active 
agine that this ^ 3 »>omtH of juncturt: ; 4, 5.*^ and 7 

further growth is extremely improbable, 
probability l>ccome5 — A macromolecule with " Lockerstellen 

equal to zero. From 

this pictua* it follows tii.it weak spots {lAKkrrstelkn} may be expected tv' 
be formed in a resin im 4 ecuie, especially at tlic moment at whivdi the 
nets are growing together {cf. the following paper i 

If we consider the values calculated by de Boer ^ tor the un'ilo 
strength on the assumption that only van der Waais' forces l>et\\ee:i 
blocks " of the nuwrromolcculc are active, we had a theoretical leusdc 
straigtb for the phenol- fomtaUlchvde resin of > ;o kq. mm.^^ and 

^5 
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for the cresol-formaldchycie resin of > 20 kg. mm.“* Even these 
values are greater than those found experimentally. In order to explain 
this we should be inelined to assume that a similar consideration is valid 
for the van der Waals force as that which is given for the primary bonds 
with reference to Fig. 5. We should thus be inclined to assume also 
that as a consequence of the presence of Lockerstellefi the maximum com- 
hining energy which might be obtained by means of van der Waals' bonds is 
not reached. 

It is evident that a concentration of .stresses at the faults is as>imied 
during deformation in a similar w^ay as is postulated in the theories ol 
(jrifhth and Smekal and other theories about the subject. The fact 
that the Lockerstellen in the amorphous materials described arc Icns 
regularly arranged (see Fig. ^b) than i.s often assumed to be the case in 
crystals may perhaps be partly responsible for the obserx'ation that 
resin macromolecules (and glass) are l>rittle and show no glide plane- -^irb 
as are ob-^erved with some metals. 


Attention must be drawn to the fac t that 


h' obser\'ed 


for gla^s i- 
Ji'im 


F cah'ulated 

> 200, lor d resin macro-molecule it 5 50 to kxk), and for a 

chloride crvstal 5CKC 

Certain calculated and observed values of Young^ modulus m.tv i>e 
compared at this point. The following valut\s ff>r the plienol-fnrfroildf*- 
hyde resin are taken from tlte paper o{ de Boer : 


E calculated for primary^ bonds n,0CK> kg. mm. ^ 

E calculated lor van der W;uils’ forces > 45 kg. mm. 


The experimental value of about 500 kg. nim.* * (in li<|uid air 105^ kg. 
mm.~*; may point to the fact that the coherence in a resin molc ule i*- 
effected for a part by van der Waab’ The discrepancy bet\st*in 

the observed and t alculated values of tensile strength is much. gr«Mter, 
and it may be ascribed to tlie fact that the .strength is practically deter- 
mined only by tlie concentration of stresse.s ai the most “ dangi ” 
Lockerstellen, wherea> the inodulus ot elasticity is given through the 
co-o[)eration of the moduli of several IkihiIs in tlie molet ule. 

The explanation of the nature of the abuve-ilist us>ed friults in, g/a 
may be in part similar to that in the Ciise of C resins. It may lak^ into 
account the formation of net fragments at Tf whidi are assumed to grow 
into each other gradually during cooling. In this connect ion, attention 
may be drawn to a paper by Lillie who (after making many reservatu>n.>j 
ralculate.s an increase in aggregate weight from I5,(XX> to I12,(XKi wiien 
the temperature of glass falls from 1 icxi*^ C. to 5CX)® C, Such a process 
of growing into each other of rolloidal net fragment-^ would offer an ex- 
planation of the fart that (beeause of unfavourable sterie conditions) 
neither all the ionic bonds nor all the van der Waals* bonds can reach 
their maximum binding energy. It would go beyond the scojk' of this 
paper to attempt to explain all the experimental results of invrstig.ttions, 
such a.s those of (iriffith and connected with this subject. We 

hope to have an opportunity to try this at another time. 


H. R. Lillie, J. Amer. Cer. Soc., 1933. <>*9* A growing together of Urge 

particles has also been observed in the formation of crystals from certain 
^tenals, c/. W von Behren and J Traube. Z. pkysik. Chem , 1930, lytA, 1. 

, ® of the author was drawn to these observations bv Prof Traube 

dunng the meeting. 



R. HOUWINK 


131 


Summary. 

1 . A general <lesi:ription is given of tentdle properties and mc^dulus of 
elasticity on a basis of cohesive forces of matter, 

2. The most prominent theories as to the internal structure of asphalts, 
resins and glass are discussed briefly. 

3. The clastic projx^rtit^s in question have been studied for hardening 
resins in particular. The modulus of elasticity and the tensile strength 
of a phenol-formaldehyde resin, ff>r example, are found to lx*. 1050 kg. 
ram,~* and 7-8 kg. mm.■-^ resfKxtively, at a tempcTature of — 195^ C. 
The results have bef.‘n compared ^ith similar f>bsc‘rvations for the other 
materials to be found in the literature. 

4. A LockersUllen ther^ry is inirmiiiced in the case of resin macromole- 
culcs in order to explain the fact that the tensile strength of a phenol- 
formaldehyde resin, for example, is alx)ut of its theoretical value 
(calculated for the primary bonds). Structural causes for the presence 
of such LockersteUen are indicated and discussed. 

5 7 'hc fact that for Young’s modulu.s of its theoretical value is found, 
may be considered as an indication that, in addition to primary bonds, 
secondary bonds al.so play a r6le in resin macromolecules. 

Oursincerc thanks arc due to l>r. 1. H de Hocr the Philips* Lahora- 
t<»ries, fr»r hi.s critical assistanv''e, and to .Mrs. H. E. Teves-AcK* for the 
translation of the manuscript. 


HIGH ELASTICITY OF THREE-DIMENSIONALLY 
POLYMERISED AMORPHOUS MATERIALS IN 
RELATION TO THEIR INTERNAL STRUC- 
TURE. 


By K. lIouwiNK. 

iCommupttiaied by the Phiiitt Works {Mouldifig Dept.) of the N. V. Philips* 
Glocilampenfabriektn Eindhoven, Holland.] 

Receiited lo/A July, 1933 

Introduction. 

In this paper tiir iiigh ela.<tirity of asphalts, resins and glass will be 
dealt with. An attempt^ will be made to explain the phenomcrui 
observed on a ba>i.s of the theories about the internal structure ot these 
materials, as these were dealt with in the foregoing paper. 

% 1. High Elasticity of Matter ; Relaxation. 

In .uhliiion to the true elasticity of rigid bodies attention inu-t be 
drawn to the high elastieity (ausgUbige ElasfizUdi) of certain soft m aterials. 
It is diflScult to give a pnx'isc definition of high elasticity since no logical 
point of departure has yet been discovered. We shall therefore confine 
ourselves to the following practical description : 

An clastic ileformation will be called highly elastic when it exceeds 
a value of about I per cent. This limit is chosen in order to exclude 
crystalline materials (metals) which are considert^d not to be highly 
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elastic and for which no liigher values than i per cent, are usually ob- 
served ^ [cf. Table I. of tlie foregoing paper.). 

Highly elastic deformations are often, as can be observed with raw 
rubber, far from truly elastic. 

The well-known fact that the elastic after-effect can often be observed 
practically, only after a rise in temperature, will be accounted for by the 
introduction of the term thermo -recovery. 

The credit falls to Whitby * for Iiaving pointed out the fact that many 
materials, which are hard solids at room temperature, have a .so-called 
“elasticity temperature” at which they become rubbery' clastic. In 
connection with the above definitions this temperature will be denoted 
in the future as the high elasticity temperature. 

The treatment of all (partly amorphous) materials wliich show high 
elasticity would go beyond the scope of tliis paper. For materials such 
as wool.^ rubber and muscles, • where the high elasticity sttems to be a 
proper! V of the polymerised chain molecules themselves, refereme is 
made to other sources. The same holds for materials in which tlie mole- 
cules are long in shape and perhaps rigid.** * Since it is frequently 
thouglit that high elasticity is only encountered in materials having 
long molecules or micelles ® - there are even theories which seek to explain 
high tki aticity itself upon this principle’ - it seems extremely important 
to ‘•how that higli elasticity may also be ol>served to a considerabh* 
extent in tlie (a>e of match. il> which are polymerised in (lircc dimensi<»n‘' 
and whu ii therefore f>rob*ibly have ghdniLir micelle'-. It is the pu^po^e 
of thi.- paper to d<'al especially with this group of amorphous rnatenab. 
It will appear tliat high elasticity and also thermo-recovery are much 
more frequent properties of matter than is usually ;issum<‘d in the 
literature. 

In the c;ise of .isphalts there are no rea.sous to deny the prescm ot 
globuL'.r nncelle>. Among the resiiir', its was alre.itly inentioned, there are 
repre^entative> polystyrene, polyvinyl-acetate) for which the micelle 
are generally accepted to f»e long in shape on the basis of the wtirk t»? 
Car<»thers ® and Staudinger.* For other resins, however, .sucli .is the 
natur.il resins, phenol and cresol-fonnaldehyde resin.s and “glyptals/* 
the gi(‘bul ir micelle form seems very probable on the basis of investigi- 
tiopn by tile author.^® The fa* t that NVwlonian fhnv may be observed 


^From :i theoretical j»oiut of view this defiuitton i» iBCorrect, for, as itwicky 
(Physik. Z., 1923. 24^ 1 31;, showed, one can calculate lor NaCI an eliusrtjc extensi- 
bility of 14 per cent. .\s such extensiun.H are not actuaitv observed hov^ever, our 
definition seems to be practu.al. 

S, Whitby. Trans. Inst. Hubb. Ind., 1929. 5, 184 ; 1930. 6, 40 In this 
paper the high elasticity of rublx*r and some renins with chain njolrculcs »» dealt 
with. 


^ Cfjmpare for a summary W. i . Astbury, i'undameniah of T'ibrg Structure, 
Oxford, 1933. 

* K. H. Meyer and H. Mack, Der Aujbau der kmhpot. Organ. Saint sloffe, 

L, Mark, J. Am. them. Aoc,, 1934, 56, 2757. T. K. Gnfhth. 
Canad. J. Research, 1934. *Of 

* W. F. Basse, J. Physic. Ckem., 1932. 36, 2802. 

s opinion is encountered for instance in the recently issued book of one 

of the sj^cialists on high ixilymcra : J. K. Katz, UU Rdnieenspekiroerapkie ah 
Untepuchungsmethode, Berlin, 1934, P- 239. 

''0*1 Susich and ii. Valko. KoH. Z.. 193a, 89 . 

. li. Carothers, Chem. Review^ 1941, 8, 353 
Staudinger, Du hochmol. Verb., ileVli’n. 19^2. 

. Houwink, Physik. Eig. und Peinbau von Natur* umd KunHharun, 
for glyptal resms ; K. Houwiuk and K. H. Klaassetii, 

Koll. Z., 1935, 70, 329. 

** G. S. Parks and M. H. Spaght. PhysUs, 1935, 6, 69. 


• W. 

* H. 
^®I<. 
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for certain kinds of glass in a molten condition is an indication that 
globular micelles are also present in that case. It must, however, be 
mentioned that some authors suggest the possibility of relatively short, 
linear molecules.** 

From considerations as to the oscillations of the atoms one can derive 
the following relation ** for monomeric substances : 

€ ^ iKT per atom [iRT ^ 5*967’ cal. per gram atom), . (i) 

where € is the mean intent omic energy as a consequence of heat motion, 

K the BoIt2mann constant, and T the absolute temperature. At the 
midting'point of .such a system, tltcrefore,**® 

^ - 3A^7, 

As a first approximation one imiy >ay that at a given temperalure F, 
lower than the energy < f>ntcnt of tlie bond is equal to 

r, - e = — Tc 

^^ince a rise in temperature causes an oscillation of the atom who^r alter- 
nating impulses may exrce^l the mean valut- iKT^ local migrations may 
.dready havt* taken before T has reaclu-d the vahie of eJ^K. 

The following consequences of heat niution are important with regard 
tu our present prot»lcm>. If a Imdy is stretched to a length / — d/ the 
atoms undergo a certain mutual displacement which is connected with 
a potential tclastic) cncrg\' denoted by il the system is maintained 
at this el(‘ngation there are two po>sibilitie? : 

It there are atoln^ for whuh is larger than — ^KT these 
atoms can migrate and a partial phistic deformation on rcIea^e o: stress 
may then be olrservcii. I nergy i-* dissipatrvi as heat. 

(f?) The atoms for \shuh "nuller than e^ --\KT will absorb 

;lic energy energy, and tiii> v^ill give rise to internal foncs 

which balarne the external ones. 

As frequently, however. an a'-eidcntal cxtni impulse caused by 
iuat motion is l-irgcr thaii e, - }K1 - tp the atom will migr^^te. Tlic 
-tored-up potential energy will th<‘n be partly transformed into heat. 
A continually decreasing tension will be necessary to keep the material 
m it> deformed state. This phenomenon is knowm as relaxalwn streys, 
and is expressed l^y the Maxwell ii»nnuia 

t 

/• ( 3 ) 

in whivti h is the internal teasion at the moment /, Fq is tlu onginal 
tension, and A a constant, the relaxation lime. The value of A is con* 
nccted with the energy content — ^kT of the interatomic l^onds. It 
follows from the above considerations that the wnxatwwm amwfU of 
energy $p he scored up i« a ai 4 given temper aiure T meiv he a. sumni 
lo be a fututum of the vaJtde of — ^Kl\ This conclusion will be 

utilmal later. The stonxi-up energy* will, however, grade, dly l>c 
transformed info heat. 

'File fact that in amorphous bodies potential troughs of varxdng deptiis 

** C;. Him, /> Ckem. Physics, 1035. 42. 

*• A. Encken, Lekthuckde* Ckem. Pkysik, I-eipiig. 1932, p. 137. 

Strictly T, indlcjite« the temperature pi«t below the melting-point, so that 
the heat oi fiieiting in left out of consideration. 
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may be assumed for various atoms complicates this simple concep- 
tion to a considerable dcj^ree. 


§ 2. Observations on High Elasticity and Thermo -elasticity of 
Asphalts, Resins and Glass. 

As has alreadN' inen mentioned, some authors always connect thtr 
possibility of lu^^h elasticity phenomena with the presence of long chain 
molecules. It \vill now In* '^ht)^vn that such phenomena tan also be ob- 
served with matt rials for which iti section I the probability of a globular 
micelle tcirm ha^' betai di>cu-*se«l. 


(1) Asphalt. 

Experiments }»\' Saal li<ive -Imvsn that the high tdasticity of asphalt 
is more j)ronourjcrti the more the bitumert deviate^ from a Newtonian 

liquid. Idle data rt‘prt>* 
duerd in I'dg, I f<»r the 
high elasticity of certain 
kinds of lariimen ware* 
cnlhM ted by Ncllen^tcyn ** 
by means of a Hoekstr,» 
balance plaslornetcr In 
thi- m^frument a sjhm. i* 
tnen of the tnatenai h 
( ompressed for a given 
tune. Ihc <<)mpressivr 
(firia- Is I fu n rclea^e<! atid 
the rcM»vtT% can Ik* a( - 
cjirattdy nu-a’^urefi. Fig 
t d(fm> the <air\’eN olo 
tamed at 3C»'^ F. with a 
!>io\vn aiul wtth a steam 
rt lined aspfialt rf ^^pc* ^ 
tiveiy, pa r t i r u i a r ^ <« ! 
whuh tire tabulated m 
fabh. I. 

Thu^ an riaMu. re- 
covery of alund lo per 
» cut. tan be idjsrrved. It 
must notetj that thi- 
value was higfier for tfu' 
blt^wn aspluilt than for 
softn, We shall return to 



Fig. 1 “Higti ela^tJLn\’ of liiown aiul of steam 
refined asphalt ^data of I . J Nrlleustevni 


the ^team refine*!, althoimh thv former aa 
this point in seetion 4 Aiuitfier unportant point is that at 30*" f . the 
vis(‘o-i»y 7 ) must be verv high. From tlic wili-known fail that at the 

See in this connection • ft, Mark, I*h\Mk uttd Chemte i'tliuhsf, Herhn* 
19.^2. p h. 

K N. J Saal. \V orld hytral . Cowor .n. London, 1^33- l*rcprinl Set* 
^re^iier investigations, t . I . I niutoii and K. S. Aiuirew?», /"Ai/. Ma^ , London, 
Edinburgh and Dublin, 7, ^47. The moverv data menUonfKl ht»rr are 

not made use of Ucauiie the teinjK-raturr of tisst iuw not been indicatf^d 
I K I ^rv ^mich indebted to Ur i J NVHenatevn for th««ie curvf.*, 

LhSato^a^tThc iS K‘««i Tr,t.«s 

J. Hoekstra. Physic:^, K/jj. 4, ^.55, 
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** ring and ball Icmperature rf is r2 X lu* poises it may be roughly 
extrapolated that at 30® rf is at least of the order of 10'^ to 10^* poises, 
a v.ihir which will be encountered with other materials at their high 
elasticity tcm[KTature. 

TABLE 1 . — High Klasticity of Asphalt Bitumen's at 30' C. 

API HR A Compression Period op 15 Min. 


Bhfun asphalt I. . 

iPcfi at *’5 C M . King and ball 
ttn'ip 111* ( , AsphaHenf* 

content j<> t»*nt. 

Steam-retine<J asphalt U 

iPfR. at i5' (' H 7 . King and 
ball temp, - i<></ (\ ; Asphalt* 

me content 34 |K^r tent ) 


C^wiprcwuou to Pw Ceot. 
of Oriftn^l Height. 

1 

Reo'i^'ery m P»*r 
oi OngixuH 

i 

: 47 j>er cent. 

10 per cent. 

; ,!>i j>er cent. 

7 j>er cent, 

1 


(2) Reftins. 

1: }*. a vvi'll'kiMAvij fa< l that liu* iuMting (c.iLi>iiig polymcri'-<itiori/ 
o( the pht'ijol ^»nn.ild»‘hyde type produces a higlily chi'tie 
'* r o* rhkr <tate, tht -om ailed A’ >tale. Thi- phenomenon was in- 
Vf-n;^.,rt'd }»v HcMjwink.'* who \va< able to siiovs tliaf high elasticity 
1’ ^'b^t TVed only n a sudv iently large proportion of large nr.cdies 
ma\ b*‘ a^^'iumed to be pTf'^ent. Ki.i>lic deformation^ of e.bout 30 f>er 
« '-ir ' >th ulated wwh p -pe-ct to tile original dimensions^ which are 

e. h'fgf t xterd thrmio-rf 4-,tn phenomena, are ilescnU'd in the above- 
riectoead Atirk < hi turf her polvnieri'^at ion. however, the deforrnability 
de/ again, and, as k ^howii in the foregoing paper, only a >mall 
tr 11 1 i.'.'th ity ol the order ot i p<'r rent. ^ an be oi>^crve<i in the C >tage. 
Hv na; oi a more <thweut tt'chnojue it lias been po'^sible, however, to 
(Kb-'rv» muds more import im high elasticity with B resins as tollow's . 

Sinc«- in the al>oYe-mentioned exjx?nment.s by the author it was not 
certain that the most suitable high ehisticity temjH‘rature had l>een reached, 
III) attempt was made to larry out exj>ehincnLs at a much higher temper- 
ature With the resins uiuier consideration the reaction velocity iacreases 
rapuUy >vith temfierature. so that, on heating, the resin will quickly be 
completely transfvimuHl intv« the (' stage. The olwiervations must there- 
fort* U* made very quickly In order to bring the whole mass of the resin 
rapidly to the lirsired temjXTature, the heating was done by means of 
a ;d htft nulling pdls irubber mixer ^ When an A resin is thrown on 
thr steam -heated rolls, il melts, and. as the polymensation reaction pro- 
gfesM-s during milling the B stage and finally the C stage are reached. 
l>unng this process samples were taken, of which tme observer determined 
the elastic bcliaviour, and a second the temperature by means of wrapping 
the specimen an>und a thennometer. The temperature measured is 
markedly higher than that of the rolls, because of the fnctioual heat and 
the heat of reaction develoj>eil in the material, The elastic behaviour was 
studieri by marking off a length of i cm, on a specimen, smutching it quickly, 
and releasing it. The distance lietwwn the two marks is then measured 
alter release. It must tx noted that this technique 1$ far from jierfecL 

R, Houwink, Pkvitkfiltiirke Eig9nsch^$ft^H »tuf Femhan .Vo/Mr- um4 
JKunsihafsi^n^ Leipsig, »Vt4 h>t a*' abstract on thenua-reco\*er>*# R* 

Houwink. BriHsk iHasiu^i VearW*. 1935, p. 51. 
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since the deformation must be carried out very rapidly to exclude the effects 
of the of the sample on the one hand, and of the progressing poly- 

merisation on the other hand. The data obtained are therefore only 
approximate values. The alcoholic extract (cold extraction) of the speci- 
mens investigated in this way was determined in order to get some insight 
into the degree of polymerisation. 


TABLE II- High Eljisticitv of some Hardening Resins. 


Krsia. 

Tune 00 
MbtloERolU. 

1 Ton* 

'p«ratuir 
\oi S|MCi> 
j men. 

j 

Delotmft* 
tion III Ter 
Cent, of 
OriflMl 
Lcitftli. 

1 Riooovory 
IttPorCont. 
of Orlftna) 

AkoEol 
E«fr«ct 
is Fir 
CmU 

VtaCQAier ia 

60* C, 

Cresol-forniald. I. 

11-5 mins. 

; 

plastic 

plaatic 

75 

2*5 > ro' 

/40-45 per cent. 

15-5 .. 

j — 

170 

too 

66 

1*5 > lo* 

-cresol.) 

10*7 - 

105® 

240 

13 « 

^5 

quaat flow 


— 

240 

170 

60 



-' 0*5 

— 

240 

200 

57 

— 


21‘5 .. 


170 

150 

55 

— 


•> 

lo6‘ 

100 

loo 

44 

— 

Cresol-formalvi .11 

4 t - 

100“ , 

plastic 

plastu 


1*0 * 10* 

(^S-tfO per cent. { 

4*5 .» i 

; ‘ 

240 

t ‘5 i 

54 

3 5 ' J * 

-cresol ) 1 

5-4 .. ’ 


240 

2 CXI 

47 

quail do A 

! 

5 ‘^ .. 

' 124’' ' 

240 

240 

34 

— 


t ‘2 „ 

JiO' ; 

170 j 

170 

35 

— 


t'H \ 

; 

loo 1 

100 1 

30 

— 


7 -J M i 

) 

rigid i 

i 


— 




breaks : 




Phenol' fornivdc! 

**5 .. 

121' ^ 

plajkttc 

pLi^tu 

i 




124 

2 CX) ‘ 


45 5 1 

-V. 

f 



riEul i 
breaks 


37 j 
} 

— , 


.V 3 ■. 

. - 



^95 1 


- — 

• i p'H-se 

I dy 

lie Cfn.*» 

see*. 

- - . 

'■* ' • 


The ruMih.- ot 'umt* uxpcrjtiu iit.s carrird imU « 

h\dt* Tv>\n> 'raw luaturia!^ rontaininu 40 to 45 prr crnt nH*ta-rrrM>l and 
5S to Oil per f vnt. iiiuta crcscfl, tivt-ly;. .md on a phfiK>I‘Sorniaa,i^‘* 

hyde resm Kc'-ol type^ havr Ixcn snnimarmcd in Tablu II. 

It evident from tlusr figures that a tempi raturr of ux> to 12 ^^ 
C. is a suitable high ela^tirily temperature tor these resins in the B 
>tdge. The highly ( » oiihl bf* mamtamrd on the rolls during 

minutes for the slower cre>f/l resin I,, but onlv during 2*3 minute'^ for 
the much cjuu’ker < ^e^ol re-iin II., and only during «»U>ut half a mmutr 
for the exlreniely quu k phen*4 reMn it is further evident that witii 
t'he cresol resins I. and II. lughly ela<.tif deformations of about md 
240 ptr cent, ropcetivcly cunhi bu itl.^^erved. The fact that these v.ilues 
were murh higher than that for the phenf.»l re?«in mu^t tjv ascril>ed to the 
extremely quick reactivity of the latter, whu h makes the taking of saniph ^ 
at the right moment v< r>* difficult. 

In hig. 2 s<;me <?bM'r\ed data for the eUniir recovery' arc represented, 
together with data lor the change m the alcoholic extract during the 
steadily increasing polymerisation, it ntay l>c taken from Fig. 2 
t lat high elasticity occurs only whtn a .still quite considerable profjor* 
tion of the resin is soluble. Roughiv, a solubility of between 25 and 0«s 
per <,ent, seems to be neces.sarv' for high elasticity of over 100 per cent- 
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Atteation must be drawn to the decrease in the alcoliolic extract 
vliiring the process of polymerisation. Tlii.s decrease is relatively small 
tomp.trcd with the enormous changes in the elastic bt*haviour. At the 
uljnost {cresol resin 1 1.) a chan^»e of 40 per cent, in the alcoholic extract 
may he taken to correspond to a < ycle of increasini^ hij^h elasticity from 
to 240 per lent, 
and dtMTcasing it 
from that value to 
zero a^ain. This 
may perhap^s he an 
indication that a 
\’ e r y important 
chani^e in intirnal 
lure durinj' thi^ 
ol the cnfj- 
dcii'-ition pn»M-s> n 
r h*' into ea* h 

thr net eh- 

pif'Uoci MUJporled 
hv ol>%frv.iMonv ul 
‘ in Vis- 

' o^jrv {ft the reuns 
1 la* vi^-. •’sii \ ri \\ 
iH' .^‘•CTcd a* { 

I *V t’l if .i!j s ifi .» plast o- 

rtn and wa^ t^ufid 
!*'• C r about lu* iKiise^ 

V. fa-r. the tif'-t 
oj hjj^h <'la'.tn;tv 
* *^'dd he »«h’'ervt d. 
t >ti hjrther poi> • 

lucri^ation t*r<lv <pia-i si-^w '.uou-Newtoni.in lh>v. ; was oi^erved, which 
tiic that y htv.uo.t'- d<-p»'ndent upon the magnitude of the apfdied 
vire.^ I hv t h-.v*- aireaviy been ^.onnei ttai with th<* tomni* 

tion o! ^ontinxions net* 
works in a rc^m 



TAHLK 

in. HU.U 1 

i- Asm n V or 

til.AHS.** 

T^jtBpriaituwte. 


|V,pTM*1k C4 

Kis ii>v<r: v 

i «r«a , 

575 ’ c. 

1 

I t X lo** 

i • 

t> 

1 

i jl X 10 “ 

i 50 i 

XV 


(3) Glass. 

T r o u t n n a n d 
Andrews showed that 
high eUstinty phcao> 
menu can also he oi‘- 
servx'd in the <asi* vd 
glass, Ihey couhl 'tudy 
the viscosity of glass 

hy applying a constant tun|ue to a cylinder of soda glass^ and observing 
the relative motion of the ends. After release of the it>rqiic they could 


K, Houwmk. (Ah. ct/ xS), p. 15S. 

*• fn a previous aitutly by the author (Hottwinkd* p 134) the work of M. So 
wiiJi citrii eiTonroudy in this connrctioii. The rrc^>very data olnserved by So arc 
trx> «mjiiU to jimttfy tlie term high etaiticity. They he l>etw’een o*oc» and 0*21 
j*ei cent, instead of being 1 j>cr cent, aa waa cakulatt?d by the author. In So'a 
experiment* the tem|)erature was too high to oblam a signiheant high clastiuty. 
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study the rocoven*. From these experiments the data in Tabic III. 
are given. 

It must be noted that tiu* two experiments were not carried out under 
exactly the same conditions. The torque in the first case was lo /6 
times that in the sciond ca<e. No direct comparison ran thendore be 
made. It important to note, however, th^t, just as uith asphalt, the 
high elasticity is oiK^erved in a viscosity range of lo“ to lo'* poises^ whuh is 
in the neighbourhood of the tmnsfonnation ittt€ri»al, that is to say wlien the 
material is in tiie grl state, where freely rotating structural 

units are a.-vumed to fo-exi-t along with ** solid unit*^. 
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§ 3. Explanation of High Elasticity. 

In order to (Xplain tin high elasticiiy observ'cd in materials with 
globular mii-clle" an t x.unplc of <!< f<»rmation worked out mathematically 
by van Dongen will i>e dealt with 

In Fig. 3 the deiormat i<*n of a. <. 4 »mpaet biidy P is compartxl with that 
of an “ i‘pe:i ” body (J. I ne <-niI plam^* of U are a‘^sumed to Ik* t»pen s<i 

that it fettnis a ^ori ot 
ref t.ingular * tube " The* 
subwlama* of wluth the 
IkhJu*' P and are con- 
^titute<l i< assumed to be in* 
^auTipre^^ible and to possess 
.i imxjtdus of ela'ilnitv /: 
.ind a yield \,di:r f It is 
tarther .is^urncd ilui? the 
' ontr*ictK»n r.itio w ot th<* 
material 4 and that the 
np.irr inside (J is tilled wdth 
an int uniprcs^ible tbnd 
I mlcr the aj»pjtf ation of a 
tertain ‘'heanng vTrrss r the 

bo«iv U wjii Ik* deformed in 
«|uite .1 different way from 
f\ am! d Ofo aj-Hotnes that 
the < xperitn»aiier doe" knov/ th tt U hfdl<*w, hr wall, jor example. 
iiillrA’, the fji'^pl.i* ernerit (Oi p<an* , l in las nie.i.'Uremc fits, and draw' Min- 
cludon- from the nuM-^upd detormation A under the mlhien«e of a given 
T. In Mi« h .i <a"e he v.jii then find t^r {/ a «pijfr ddferent nuMhiluii of 



Fig. 3 


Klastic tlcforni. 4 tJ»>n {•< a tnTnp**^ I Ixslv 
i' and ot un oj>cn ’ b <l\ U 


elasrtcjt\ and a q\iit( dirter-nt 
of the yii 
elastu’iiv Is 


From lliH it 
first a[»prf>\in 
nes.s of the 
“ apparent ” 


> Lo*’ i" 


\ aloe 

frf)m 

tlu 

ft for P 

called 


Ci 1 

1 ♦'•Ul:* n ha 


h 

( f' 

odUi 


/? 

(/ 


folh-w 

that 

tie. 

■ .ipp.tren! 


deformatuin on the attainment 
It tins apparent nuKitdus <d 
d«'nved the following relation : 


■) 


* {4) 

H, m the 


wan 1 he t<.ho‘Am.r »\prrsK|r,n m.iy Ik* derived for the 
‘pecitj* done.ni4,n atfainmtnl of the virid value: 

an. I 3 . 


a il l 

MtU 


I 


(5) 


his kindnc*rj" working i', KtndJmvffi, for 

ing <nft truh ex«nip,r rm a of throrrtica] tvtcelu^nto. 
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in which c is the specific elongation of the material itself and e' is the 
apparent specitir ekmga lion. a first approximation one may thus 

say that the apparent specilic eh nidation al the limit of lh>\v in\(Tsely 
prof>ortional to the th»t knes> a of tlie wall. 

On the iKisih of Hwke^ law it fcillows that the “ apparent yield value 
is [import ior\a I to a^. 

The etpjations given alK>ve are only approximately valid when the 
deformations are sniall with res{H*ct the dimensions and when the 

thkknm of the wall a is small with resjXKt to /. They are still surficiently 

accurate when :i 0 3, 

From thw. point view it he* on a - under<tan<lal>le that much lower 
niodnltjs oi clastc ii\'. .1 higher eli'tie ehingation and a lower yield 
value are obsor\e<i ft^r a \r, \ . ond^tina uf celK of a solid sul)>tance filled 
with a tluid, than for tk nnUtn..] w iin li eon-isiv; entirely of -riliri matter, 
KxpfesMiig thi'i m trrns^ ot t I'eTgv niav say that in the e;we of the 
IkkIv (J a nmv !i hir<^«T tiet<*rn‘ i’n.'u A i- po>Hmi>le before a i.»ond l>e!s\< ^n 
tin *tru‘ tuTal will .h,iVe ,ii»M»roed an amount of energy •. ijual 

t<i r, • 3A I , thf aniM'int j|< . < f^r its di-tortion, than in the ^ .‘."e of 

the l»»>dy /' I he » .lu-t ' nj htjh ela^te jtv <»! ll:^ee'(l!^nt'n^Ieela]ly 
[♦olvmenM’d in. lien. iu.'-n {•'• inorj e i^dv nnder^toofi bv ^snalogv with 
s<n h a in'i<h I Ur **11 dl ?fu' <«*m ept in our own treatmertt of the 
liardemng ,<:.d Ur-:*, aoplv tt» Knowledge gained tliereie/ in the 

ot .f.''}>hdt-‘ ami ef*" 

A R«itin in (he A Stable. 

iMg 4it r^pr<’«ent> a Ii-^ nd i' -m :n win* h » hiedy freely rotating m''!c> 
t ults lis'ne'ed a unit a^''^^'n d to be pre**int. In such a Iny.nd 
there niaV an e pitilbnuir. ‘t><.!w?e;. the number of X unit'' pre'-rU/ ap.d 
the number S nadt - ,de-. whi li are nmlerules .itt.ohe i vitiier 

to »aeh t»ther <•: ^ v ^^'’e briow ^ bv mean> u! "(.^on^lary bond,-, As 

long . 4 ^ the ^<p;ih!'ri un 



1*- detuutt K lej e! t!a y iitji*.-, Ml that no vielii wiitu eau b'c !n’\i' 

sured, the rrMU mav I - 1 .died a iitgiid li K supposed, that ism n, > a fi 
a lupsid rtMni ''<unr n; ^h’> aiv- m.«\ Ue linked t<i one another by primary 
forces. Smli a v^unbumijon n*ntis a y unit. 

W hen a 'shranng roupK- r 7* a* on the liquid A rcvin it is ubviojs 
that It will i ause ihv \r.'A\< to tlow, and on release ot the no clastic 

phenomena are to br <. \peitcd 

I’pon <<Hdtng the liquid re-^m tile vitiiatue.i represented m 1 eg 
will gradual!, in n .i^lani where the numln'r of /? untt^ has nu To,i'< o to 
suich a degfic tluit ?!a\ In^gni te» ait as bndg<'^ between the y 
!n this way a h*ui /Wmird tn u 4 iU'L .v/nie/wfai (4t:nu^n:s 

cohere for o f^ar: b\ watjia of ymmiLiry fours. Those par^^ of the 

stru<nvin' where " lioles are prcM’nt ifilled vith x are comparable 

with the ojxm structure of (} in Fig. 3, One miglit thtTclorc expect 
to observe the jdirnomcnon of liigh el. tieity. Tin tact that tir.' is not 
the cajH* to a vt^ry con>ulcrabic extent nuts? in our opinion lx? vi'cnlxxi 
to the following. In the tenifHTrature range in which x and fi units co* 
exist, the energy of the knuis Indwccn the ^ units (about r kg ial 
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per gram equivalent - heat of fusion of phenol) is only slightly higher 
than the kinetic energy 3 AT of the heat motion o these units. There- 
fore the network cannot store up energy of clastic deformation 
to a considerable extent within this range. If a quantity 
e is stored up it will ver\- easily be dissipated by relaxation. Most of 
the energy added to the system a.s a whole will be expended in the form 

of a plastic deformation of the body. , 1 r ,i'r 1 

Further cooling of the sv.stem will lower the value of ^KT , and thtre- 

fore incre.ise the energy dtlference - .tA7', thereby favouring the possi- 
bility of the storing up of energy and the consequent high elasticity. At 



B'Stage (eit hiK^i temperritum 

Imo. Schemt’ ft<r ih<* < pliMi in* in ft! 4 three* 

j>->h 

r - t'. Shu ii 1:1^ f 

fj 0 Q) 2 unit ,, iTVi'U !Ut.h*< i:Jus 

' units, tixf’l bv rnt'anw 


8? 


y uiijl'i, b;. rnu^ins primar) ixffuN 

Such a con^hHiier.ttv ol y umisi will lx* -Inmlufl as a inuene. I he at and $ 
units together will lx* soluble in in \%h>ch the J rv’Hti itscH ts isuvliibb' 


the same time, ho'Auvcr, ihe nuni'icr oi ^ unils mcreast'^ at the rx[irnse 
ot the a units, >o that a rorulition imirr ami mure like that o! /* in I'l^ 3 
will he reached. I his beh«n’iour wdi counteract tlie pwitive ta< tt>rs 
for high elasticity according to v.tn Dongen’s formulas. The fact tliat 
some high elasticity has been »ab.>erve«l with asjdiahs imiicato that when 
7 ^ to 10*® poises the f imrltfion'i are especially favourable. We 

shall return later to this subjci l of iho iugh elasln ity of asphalt and glass, 
Let us now consiiier a liardening re. in in the B stage. Reference to 
I able II. recalls llio fact that, when tlie degree of polyrnerisalion ncccs* 
Sury for high elasticity has been readied, the resins are only partly soluble. 
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Xind Newtonian flow is no lon^jcr possible (at 60® C.). As has already been 
mentioned, these facts, and the relatively small decrease of the alcoholic 
extract compared to the larj^e inrreiisc in elastic behaviour which is 
observed during the condensation process on the rolls, may be indications 
that at this .sta|:i;e large micelhs arc growing into each other to fonn a 
three-dimensional network throughout the mass. In Fig, 4c an element 
of such a network repre^nted. This net is principally different from 
that of Fig. 4^ becatist' of the fat t that most of the elements are held in 
their relative posilwns bv primary bonds. At room temperature units 
are still present in the ‘•ystem. If such a B re,Mn is heated until most of 
the secondary bonds l^uween the p units are broken (the situation in 
Fig. 4/*) a netii ork cf y unifs still remains which is capable of storing up a 
larpc amount of poieyttuii energy in its elements, 

Thf' rr^'in under con^itirratic>n now >ho\vs a great resemblance to Q of 
kig >. ami it wr at m pi tins sirut-ture for a Li resin, its higii elasticity 
may be explaiimd on the basi^ of formuht- (4; and 15). The fact that tlie 
flattie rcMJVrry i- .1 ihei mo-vi - i>wvry may be ascribed to tlie high vis- 
cosity of the a fi units at room temperature, which prevents tiie 
detornH"<l iV'iwnrk from re; <>venng it- Cinginal ,shap<‘. 

l able II. shov\*v that the content of x and fi units together is still about 

to 05 r tmt In a re sin of the phenol-formaldehyde tv’pe (and also 
of the glvfital tyjx'i Iht* viscosity at 20' i\ of the a - iinitii present wnll 
1 k^ at least aU;ut lo* [xases.** I his very high value for the viscosity 
odirs an explanation of the lack *4 recovery of the li rtcsin at 
temjx-raturc. 

If tile If rnperature i-* r.d-ed. the ^dnditions for recovery^ become 
favourabhy siiv e ‘lie vi.scosity 1 ncdicunt 7? of the “ liquid ’* ilecreases by 
a factor of fn for t .a h lo <}egrcf.-. increase in temperature,'® Roughly 
.^p<aking, the \< !ocitv of riiovery rh< ndcTc al.^o increases by a factor of 
iu for every degrer^ in'Rasc in t<rnperature. The value of 77 for 
the a d“ iS units at < . appears t<» be about 10 poises,*'* so that the 
at -f ^ uiu!- at that temperature may be compared with a liquid like 
glyctToi ,tt r<kum teni[>er.tture 

Acconhng to a rt^cent investigation oi Derksen ** a maximum (d 50 
j>er cent, of water can U taken up m the crystallites of gelatine, while up 
to P50 per cent can storetl up around and Ivetween the crystallites. 
The high elasticitt* of >uch a gel as gelatine, not being thermo-elastjcity, 
may probably explained by the lower viscosity of the large amount of 
liquid I water in the lase of gelatine) compared with the viscosity of the 
Inpiui in an i.sogel like a resin at room tern p^Ta lure. 

Upon CAKiling a ehistic B resin the a units will be gradually 

iransfonned into ^ umi> again, and the situation P of Fig, 3 is more and 
mure neiuly reached, where high elasticity is no longer possible. The 
marc such a Uxly is cooled, the more truly chestic Uxome the ditorma- 
tions due to the decrease in heat motion, and therelore in capacity to 
migrate, of the jS niotecuic,s pn^ent. 

The situation in the case of resms in the C sutge may U' repny^ented 

**Tlu» vidue can be f«?und by extrap^tion for a phenolfornialdchyde resm of 
Novolak type (see Hmtunnk, Ive, eil.**. Fig, 30). 

•• J, C, berlcitcti, Ihss. Utrecht, 1035- 
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by big. where only y units are present which form (when th<‘ Locker- 
stelien are neglect eii^ one large maerf>mr»lecule. A “ net clement has 
been drawn in this figure of the same shape as in Fig. 4r, but here sur- 
rounded only by y units. 'J'he analogy with P in Fig. J is liere obvious, 
and the impossibility ot high elasticity is due to the same considerations. 

An explanc.ticui the Iiigh ela>ticiiy of ^lass may be sought on the 
ba.sis of tile foregoing discu.'^-ion. In Table 111. it will be seen tliat the 
high t*]a>ticiiv i- e.'-)>et'ially ob>erved at a vi^idsity corresponding to the 
tran.‘'f(»rmation intor\'al. Huring tiu> interval y units may be .supposed 
to be pTi-eiit along witli a unit-' tperliaps aFo ^ unit.s), so that a structure 
of the t\’pe represented in Mg. 4 c may lx- assumed, 'flie (juestiim then 
arises a.-, to whetlier <»r not high elastieity as in a P resin (2(X) to 240 per 
cent.; will be encountered, .uhl may be answered by examining whether 
or not tile ne* er'sary condition'' f<jr the storing up of elastic energy 
meiitionul in sec tion I, are satisfied. 

Keeping in mind the fact that high elasticity in glass was obsrrwd 
witliin .. \’oco''iiy range ol about to [loi^es, that is to say, in the 

neiglil ourhood ot the transtormation interval (see § 2 '\ ont‘ may ini- 
medialelv ('onclade that no qiuoitilv of cnorp, ^ a}t be stored up iit the 
gloss 0 : tiiat Jugli fonpei attire. It ma-'t tort her b< remembered that for a 
B-re'in iugh cLi^licity \\\i^ observed io b<‘ <onne' U‘d uiih tlu' oeeurrtmre 
of quasi tluw. For the resjn tin^ may inda ,itr tliat striaignct iraginents 
have been formed \sith a high rnerg'v cnnttui? cornpared vvith the vahu' ol 
3^’/, .u:(i tliat thc.so fragment-' ‘ .lU -till be dt tfirmed under the inlhience 
of .sht\.-rmg "trt'sse.s Inaan-e the\ ar*- paTtly -eparalial to some extent 
bv a -init^. In tiie l ase ot gla-- tin- \js«*a-ity indi-ates that the* -oiren- 
iiig point Is a[»proa< hing, ><> tliat groiij^s ot moh.M.uies arc tormedi whicli 
cul.ere with an energy' CiUitent nj .ib«)ut iK I . 

7'hi rta^un tar tins riifferem e betwien a rcsin and glas- lies in the 
fact tin I, in tie,' ‘‘a-e ot the re^in, a iltetnieo! reoetion is niaessarN' to i atise 
the f(»rniation t>f y units Iroin x unit-, au<I it reot!t> tn a jump in energy 
conit’t:i\ of tha y unit- < <)nip<ired uith tin* a unit-. In th<‘ e.l^e ot glass^ 
hoN\e\'r, the tran-ition x y 1 - .1 more grad nd prot e-s h itiuni: sudden 
clioripe' ui and i- mm h na»re ne o’(c analogou- to tie’ gr.tdual 

tran-i!!<v:i a fj in a non-hapiv mng rr'in. I'ln- tom'cption i- supjK^rted 
by the work ol llerger tiled m the toregoing paper, where it is tlemon* 
strafed in luii that during the transtorniation interval there is no .sudden 
clumge in voinnc', heat < ontcnl or otlier quanlitu's ol .'tate. 

In the < <i-e ol aspluiU tlie observation f»t elasticity at a visccisiiy 

of about 10^^ ti> U)** piusc- i-' an imiication that, under these conditions, 
a network oi the type of big. 4// pre-ent which is able to store up a 
certain amount ot jxUenlial energv. Tin- network will ct>ntain about 
20 to 30 per cent, ot y units (aspiialti'ne mieelle.s), and further proliably 
cliiefly ^ units. 1 he observation that high (dasticity is more |>r<>n(‘unced 
witii lilcAvn a-plialts may perliaps be < onneeted with their higher asphal- 
tene content, whieli would result in a closer contact ^ id the asphaltene 
micelles. 1 liF supposition is confirmed by the fart that such blowm 
bitumens (.xliibit no Newtonian liow. Higli elasticity phenomena of 
some hundred per cent., as are encountered in hardening rt*sins, might 
be expected in the case of asjihalts only il interlinks of high energy 

Compare b. J. Nellensteyn, tVotld Petroleum Congretts, t933» 56. 
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content could be created between the asphaltene micelles, and if the 
pelrolene content could be lowered below about 70 per cent. 

It must be admitted that many points of the above discussion 
are still rather vague because of the lac k of accurate experimental 
data and theoretical insiglit. Our only intention has been to make a 
prclirninar\' attempt to show tlic accordance between the outstanding 
theor>' and the observ^ations of elasticity. \'er>’ much more experi- 
mental work is noresNary before the problems of this sul^ject can be 
entirely solved. 


Summary. 

1. A general description is given of the phenomena of high elasticity 
of matter. The relation is shown Ix-tween the maximum amount of elastic 
energy which can lx.* stored up in a material and the energy content of the 
Ixiiuls. 

2. The results of certain ex|x‘ninents mi high elastic bfdiaviour of 
the alxive-mentioned materials are <lealt with. The hardening resins are 
further studied in jxirticular. A Ingh elasticity of up to 240 j>er cent, can 
lx* observt‘<l for hardening resins at a high elasticity temperature of about 
120 ' (' , and the relation is shown Ix tween the ctniditions for this Udiaviour 
and the fonnation (if insoluble, elastic, three-dimensional networks. 

3. High eiastu'ity can uImi lx* obsiTve l with materials like asphalts 
and gla.Sh but not to the same e\tt*nt as with /v resins. In the case of 
iLsphalts and gla^s it is only of tht* order of 10 to 20 jx'r cent. For the 
materials des(Tilx*d the jw»ssibility <.>f high elasticity seems to Ix^ connecUxi 
with a viscosity of the order of 10*' to icd’ jxnses (near the tran.sformation 
interval . 

4. ('alculations are to explain the changes of Young’s modulus, 

yield value and strain at the vield value, when compact IxKhes are trans- 
f<?rnu*d into ojxut net structures. 

5. An attempt is made to gne a rough explanation of the high elastic 
lx*haviour of asphalts, resms and glaN> (ui the basis of the energy content 
of their internal ImuuIs with refert'ncc' to the internal net theor>" developed. 

Our Nim ere thank- are due to Dr. I. H. de Boer and J. R. J. van 
DiUigen, of our Philips* Lilxuatonc-. lor their crit ical assistance, and to 
Mr.s. n. K IVve-^ Iv tor the tran.-Lition of liie manuscript. 


GfL\Eh\lL DISCUSS 10 S\ 

Professor H. Mark iirhuo said: In connei:tion with the interesting 
contribution of Dr Hoiiwmk I want to refer also to the paper of Dr. de 
IVwr. It fasmts to me very reas*.mable to try now to get ipiantitative 
results in the thtxiretical interpretation of the mechanical Ix'bavioiir of 
synthetical resins. Our spatial nnxlels of the structure of these sub- 
stances ami our general km>wks.tge of the intcrmolecular f<»rce.s are already 
so well found<xl tlial ii seems j>crmissible to undertake such a task. 

If one ^-eks to calculate quantitatively the modulus oi elasticity of 
high iiol)‘Tnenc sulistances whicli are built up from long cartxm chains, 
I think one must take into account not only elit^cts which Dr. 

Jiouwmk has discussetl, but alsc* the fact that the directions of the chemical 
main valence txmds are not rigid, but can lx* bent fn>m their original 
direction, if one applies sufheient energy. From the thtxjrv of internal 
tension of ring molecules and from sjiectroscopic data one can estimate 
the amount of these energies, The following values are taken from a 
book of H, A. Stuart ; — 



144 high elasticity OF AMORPHOUS MATERIALS 


Substance. 

Energy to bend the Valence out of its 
Original Direction. 

Distance of the 

1 

10^ 


' i ! 

( 

1 ^ 200 Cal. /Mol. 

800 Cal. /Mol. 

1 

0 

'S 

> 

C.H., ’ 1 

^ 200 Cal. /Mol. 

-w Soo Cal. /Mol. 

H — C i*oS A. 

“■» . * 1 

.130 Cal. /Mol. 

1 750 Cal./M<»l 1 

\ 

0 

rs ' ! 

1 

-w 300 Cal. /Mol. 

\ 

^ j 200 Cal. /Mol. 

C-S- I;;A, 




/ 


0 : 


If one compares this with the energy, which is necessary stress a 
chemical main valence bond in its own directi*.*ii it 
.Qy is seen that the latter energy is much larg< r than the 
former,®* Therefore one has to assume that at the 
start of the elastic stress the valences are hi>t In'iit 
from their original directi(m and then are stie!>s<*d 
themselves. 

/ If we want to increase the distance Udweeu A 

^ and r (Fig. i) by lo ix‘r cent, we have tlie two 

, possibilities: we can increase the angle a b\ da 

^ and keep a constant or we can incTea.s<* a by d / an<i 

\ keep a constant. 

'\ h The distance Indween A and C is always given l.>y 

“\ 2 b - 


\ 


\, 


0 


Fig. I. 


za sin a. 

The two possibilitit's of increasing it are 
ilh a cos oidx 

and 

cib ~ du sin at. 


If wc want to get the same relative increase*, namely, lo jier cent 
w'c have to wTite 

a cos ada ^ , 

cotg ad a, 


db 

- 0-1 ™ 


b 

db 

b 


- O’l 


a sin a 
da . sin a 


da 
a ‘ 


Taking for a and a the values, which hold for a carbon chain, w*e find 


and 


da -8*^ 
da 015 A. 


In the first case we want Ix'twecn looo and 1500 cal. /mol., in the second 
certainly more than 5 or 6000 to produce the same elongation dh. 

I tried some time ago to calculate the modulus of elasticity of the 
diamond from the well-known lattice of tliis sul>stance or the assump- 
tion, that the valence directions are initially mcxlified, and Professor Meyer 
has recently accomplished similar considerations. One gets the right 
order of magnitude, but cannot compare this result with the experiment 


** lo stress the C — H bond to the extent of 0*1 :< cm. one requires aUiUt 
5000 cal. /mob and to stress the C ==: O bond in CO| for the same amount one nmls 
more than x 1,000 cal. /mol. 
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because the modulus of the diamond is not measured in certain crystallo- 
graphic directions. 

I would like to add, that in the case of rubber-like elasticity a statistical 
effect has to be taken in account. This was first derived by Professor 
Meyer from the temperature-dependence of the elastic behaviour of rubber 
and was recently discussed in detail by Guth and myself. It is an effect 
which leads to very interesting results as to the behaviour of long chain 
molecules. To what e.vtent it plays a r61e together with the other effects 
Cjuoted by Dr. Houwink must be tested in every special case by careful 
measurements of the influence of temperature on the extension curve. 

Finally very- interesting considerations on the elasticity and plastic it v 
of high jiolyineric substances were made by Dr. O. Kratky and discuss<>d 
at the mt*t*ting of the Hunsengescllschaft in Ik?rlin last spring. The 
results seem to he in good agreement with what Dr. Houwink has said. 

Professor E. R. Rideal (Cambridge) said : C alculations of the tensile 
strength of a material involve the a.ssum}>tion of instantaneous or simul- 
taneous withdrawal of two planes of atoms from one another and that each 
at<mi is link<Hi to its opj:K>site partner by one of two types of linkage, the 
covalent or the* dispersiv^e \'an der Waals’ ty{X‘. It has been frequently 
jxunted out that withdrawal a covalent linked chain of atoms from the 
Ulte rior of the surface may take place inste ad of the breakage of a covaient 
hnk at the' surface, if the former ojx'ration takes place more readily. It 
must also be observed that the material in a |iolymer is not fibrous as in 
l otton and in conseqm ace^ of the' flexibility r»f bent chains the mcxhanism 
of rupture niav not Ik* instantanc'ous or simult;int*ous ewer the total area 
of the sjx'cimen but one part ui the extending and separating interface may 
stretch meue than anothcT, 

Professor K. H. Meyer \in'nevc\ said : Dr. Houwink has asked 
whether in my opinion rublxT-hke' extensibility is always connected with 
the presence- of lung-chain molecule's. The extensibility can have dilferent 
origins. The elasticity of a steel spring is not connected with the presence 
of long molf'cules, and a similar me*chanism might be found in other 
elastic materials. Hut in all homogeneous sul>stances which show rubl>er- 
likc elasticity, one* could always establish the presence of long molecular 
chains, and I can very well imagine that chains are also the cause of 
elasticity in Houwink s substances. In the phenol formaldehyde condensa- 
ti<»n priKlucts the elasticity is observed tmly at a certain degree of poly- 
merisation. We must assume that, at first, the phenols build up chains 
with the formaUlehvde, r g , 

HfKH, .CH,. . ^.CH. .CH, . . . 

\ ^ \/ \ \ ' NX \/ \X 

It set'ins possible that the elasticity is due to this state, and that the cre^ss 
linkages, which an* fumed in the subsequent phases of the jxdymensation 
process inhibit the extensibility by formation of a solid tridimensional 
network . 

Dr* J* H. dc Boer (Eindhoirn) said : Perhaps there may be added 
still one argument for tlie existence of Lochcrs^ielkn of tlie t\'pe indicated 
by Figs, and 56 of Dr, Houwink's first paper. The dielectric behaviour 
of these condensjition products supports this argument. This Ix-havitnir 
can be understood if little holes are assumed in which some electrolyte 
may wander to and from in the electric held. Now, from the paptu 
I>r. Houwink we see that such holes arc very probable and that they may 
contain water of condensation and tree OH-groups. 

Professor H. Staudloger 1. Br,) said : Ver\' many elastic 

materials have a somewhat complicated structure, e.g., vulcanised rubtier, 
factis and the elastic phenol- formaldehyde condensation products. In 
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order to get an insight into the relations between elasticity and molecular 
structure, simple compounds of high molecular weight ought first to be 
investigated (and particularly the polymeric homologous series of such 
substances). The investigation of a number of polymeric hydrocarbons 
(e.g., rubber (polyprencs), hydrorublxjr (polypranes), poly isobutylenes), 
has proved that j>ronounced elastic properties are possessed only by the 
products of highest molecular weight and are entirely absent in the case 
of hemicolloidal products. Therefore the high elasticity of these sub- 
stances mll^t depend on the fact that they are built up of large macro- 
molecules. Since saturated aliphatic hydrocarbons can also be elastic 
it follows that, contrary to previous suggestions, the double Ixmds in the 
rubber molecules are not essential to an explanation of the elasticity. 
However, with these observations the general tpicstion of elasticity is not 
yet dehmteiy cleared up. Hard tough eujxilystyrene Ix'comes elastic 
when heated to i2o‘^-i50" and furthermore also by the addition of small 
amounts of solvent.^* According to this it is very likely that under suitable 
conditions all high molecular weight substances, which are built up of 
thread molecules, assume elastic properties.^’ 

Mr. N. J. L. Megson [I eddington) said: Referring to the formation 
of “ Locker.stellen,*’ which are suggested as partly due to structural 
difficulties in the elimination of water between methylol and hydroxy 
groups : (‘\'idence sufijxirting this idea is contained in the results (juoted 
for the two tyj>es of phenolic resins employed. Cn^syhc acid, on acc<*unt 
of its n/-cre.sol content should give a resin with structure anaU>gous to 
that of phenol resins, together with a high proportion of long chain 
molecules derived from the /’-cresol cfuitenl. Ihe intrusion of these long 
chain derivatives between branches t)f the tii-cresol resm may Ik‘ an addi- 
tional factor in preventing elimination of water, thereby increasing the 
tendency to formation of Lockeratellt n. Exjxn'nmmtaHy, cresylic acid 
resins possess a tensile strength of 3*8 kg /mm.® instead of the theoretical 
value 32 kg. rnni.=* which is a lower pn^purtunial value than that 
shown by phenol resins (7-8 kg., mm.* exf>c*nmentally compared with 
the theoretical value > 39 kg. mm.*). 

Dr. L. C. Verman ('1 eddington) said ; In tlu‘ course of the discussum, 
\ariuic> points have been raised which indicate that the calculations of 
modulu.- of elasticity and tensile strength as presented m the paptT may 
only lx* regarded as afiproximate. It is therefore not surprising to tiiul 
that the calculatc^d values are much higher than the experimental, it 
appears that probably too much stress has been laid on the existence of 
LocktydclUn and their influence in determining the mechanical prc)jx*rties 
of resinous materials, etc. It would 1 k^ interesting, however, to demon- 
strate the existence of J.ocker^iellen directly in resinous materials and, 
if possible, to determine the extent of their influence. Mctlu^ds of fatigue 
test commonly used in testing metals may prove useful in this connection. 

Dr. R. Houwink [liindhovcn), said, in reply to Professor H, Mark : I>r. 
de Hoer and 1 wish to express our sincere thanks for the very fundamental 
suggestion^ made. W hen considering jxilyrners, built up from long carlxjn 
chains the i)ending phenomena jxiinted out by Professor Mark must, of 
course, be taken fully into account. In our opinion the situation with 
amorphous threc-dinnuisional [xdymers in ihe C stage is, however, different, 
in so far that the conditions necessary for displacement of atoms A and C 
in regard to ii will not be very favourable. In the ideal case (on which 
are based the thtoretical calculations) A, B, and C are hound tc» their neigh- 
bours by meaius of jirimary Ixmds and, therefore, the |X>8sibility of Ixuiding 
the valcnce.s Aif and HC out of their original direction W'ill Ixj materially 
decreased. 1 hi^ fundamentally different in the case of materials such as 

** H. Staudinger and H. Machemcr, Her., 1931, 63, 2922. 

*’ Compare H. Staudinger, Die hochmolekuiaren ore. Verbindunuen, Verlag 
Springer, 1932, p. 122. « o 
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rubber, wher> the atoms A, li and C are bound to any other carbon atom of a 
neighbour hic; chain merely by means of readily deformable secondary bonds, 

Wn) nevtTlhele«s a^r(?o with Professor Mark to the extent that the 
olfoct he mentions sh<nil<i n<it be iieglecte<l in the calculation of mechanical 
properties. The only difficulty is that such a calculation would Ix-come 
extremely difficult. There is one point in our favour, namely, that by 
taking the bending effect into account, the theoretical values for the tensile 
strength would become still higher, because the energy necessary for the 
bending process must be atlde«j to the energv of stres.sirig, calculated in 
de Fkier’s paper. As de Boer has calculated minimum values he has gone 
airing safe hues. W ith regard to the theoretical v'alue for the modulus of 
elasticity, this may inrieed becom<' lower if the bending effect should play 
an imjxirtant r6le JTom a scientific point of view it wtiuld be very inter- 
esting. therefore, if exact calculation^. taking the tn-nding effect into 
account, couM lx? carried out 

It seems to me that the statistical effect (Joule effect as a consequence 
of changes in internal energv on deformation) in high-elastic substances, 
mentioned by Professor Mark, will not play an appreciable role in the 
experiments on thn'c-dimensninally polymerised materials, described in 
my st‘convl paper. There are three sejiarate groups of authors, namely 
{a] Meyer an<l h'ern/* (/-i W'iegand and Snyder, =• and (r) Hencky ^ from 
whose work one may take it tliat this Joule ebect in rufilxT is not observed 
when it IS stretched le^•^ tlian roughly yx? per cent. The first and second- 
nanuni in\ estigators find this limit to f>e joo per cent, and 300 per cent, 
respect IV t‘ly. Henckv on purely theoretical grounds calculates it to Ixi 
2 yo p«T t'ent As the elastic deformations d'^Mnbed in my paper do not 
exceed -.*40 per ci Tit . it seems therefore improbable tliat the Abstossuntts- 
druck of K. 11 Mover and co*woiker> •'’* ha^ to taken into account in the 
< a'^e of p‘sin^. glass and asphalts I ht.'. ^etmis to b(‘ the more true since 
tile conflitioH'^ for (»nentation in 3-iiinvnsjona{ materials seem to be much 
less ftiv(MirabIe than in inatenaN with long chains Xotwithstandmg these 
arguments I agri*e with iTofrsx.r .Mark ih.it an in ve^tigatum on this subject 
would f>e extr<‘in«d\' intere-^tuig 

With regard to the supjMisitiou of Professor Ruleal that a withdrawal 
of srinie covalent linked tiuiin from tiie surface of rupture niav occur when 
such a chain is attache<l to other atoms f)y ixmans of van der Waals forces, 
it may be s.iul that this situation is for the greater part m agreement 
with tlu‘ picture which has lK‘en postulated in the Lockerstcllcn theory for 
resms In my opinion a withdrawal <»( irrrgiilar bkKrks unstead of chains 
HI the cas<' of amnqdious thnv-dimen-^i onal polymers' may actuallv occur 
and, for this reason, it seems veiv probable to me that the mech»aiusm caf 
ruptun* will mvnlve an ime\<‘u distribution of stn^s vxver the sej>arating 
inU'Tface It is also partly for this reason that the actual mcKluUis of 
elasticity h mav he expected to lx* Mimi* mean Ix'twtxm /: for the covalent 
fxinds and E for the van der W’aals U>n»ls As mentioned in my pa}>er, 
the exptTiiTiental value of alxmt tw>o kg mm tor E un liquid air^ is a 
strong argument for this concepti<m, Ix'cause it lies Ix’tween the theoretical 
values of ri.ouo kg. mm for covalent bonds and >* .15 kg. mm.“* for van 
der W'aals bonds 

With regard to the remarks of lYofcsstir K. H. Meyer rtdated to the 
steel spring. I would like to say that the high-elasticity of such a spring is 
based on the same principles as used in Fig. 3 of my second j>apt‘r. To 
JYofcHsor Meyer and iTotcssor H. Staudinger together I should like to 
say that m the highly elastic resins <iescrilx‘d in my second 4>aper the 
prescuice of long moleinilar chains is very improbable in the initial stage of 

** K. H. Mi’ver et C. Fern. Ueiv, Chim, Ad., 1935. iH, 570. 

\V. B, Wiegand and J, W'. Snyder, Tfan.i In f Rubh, Ind., 1934. *0* -.M* 

Hcnckv, Trans. Tm. Soc. Mech. Eng , 1933, 55 * 53'^'45 

K. H. Meyer, G. von Susich and E. Valko, Koll 193*, 59. 20S. 
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condensation a swell as at the end stage. This has l)een pointed out in my 
took {Phys. Eigevschaften untl Feinbau von Natur- nnd Kunstharzen, 
Leipzig, 1934). The tost proof that the high-elasticity is not to be ascribed 
here to the presence of long chains seems to be that no high-tdastidiy is 
observed with these resins so long as they are soluble. On the contrary, the 
high-elasticity is only observed in a stage of condensation in which the 
resins are to a largo extent insoluble. 

I fully agree with Mr. N. J. L, Meg.son that the presence of /)-crt‘Sol (and 
o-cresol) in the crvsylic acid resins will increase the tendency to formation 
of Lockcntcllen. J do not believe, however, that the />-cresol resins will 
be present as long chains. If in the relatively .short reaction time neerssary 
to reach the H-stage in my evfK*riments, the /)-cresol fonnaldehydt* mt>le- 
cules should have reached some appreciable magnitude (which in nn^ opinion 
is very improbable) they might jierhaps to? present in a coiled -up form, but 
not as extended chains (see the foregoing answer). 

To Mr. L, ('. X’ennan I would like to say that the approximations made 
by Dr. de Doer in his caJciilatiun.s as to the strtmgth of resins have alwav s 
been carried out in such a way that he adoptevl the most unfavoural»le 
conditions. His theoretical values are therehife nittitnium t alue- anti Ikhu 
this ])oint of view there is no rt^ason to say that too much alttudion ha^^ been 
paid to the Lccherstellen. hatigut? testo may to* very important fioni 
a piint of \iew of testing materials but. in my opinion, they dt» not srt iii 
very iidequate m procuring insight into structural problems, to‘t avis<‘ stu. h 
tests are amenable only wiUi great tlilTuultv to matlumialical treatment. 


INORGANIC SUBSTANCES WITH RUBBER-LIKE 

PROPERTIES. 

IW Ki rt H, Mevkr (irmei'd;. 

Received isth 7 td}\ 1935 . 

Two inorganic substances with elasticity similar to that of rubber are 
described in the literature of the subject, tdz. elastif^ sulphur and 
phosphonitrilic chloride. In this paper wc sliall deal with inve^it i;;,tnon.s 
of both. 

it is common knowledge that sulphur heated to 1 70" bi’comcs highly 
viscous ; if then cooled, eg., by plunging into water, it yields an amor- 
phous elastic product. 

If threads of this amorphous product are stretched, they >)iow .1 
double refraction, and, as Trillat ^ has found, develop a fibrt‘'diagram. 
Witli (lO the author * has examined this diagram, aiul deduced trum it 
the following arrangement of the sulfihur atoms : long chains of sul[>htir 
atoms, linked by sirring homoeopolar valences, are arranged parallel to 
the direction of stretching. Tiieir special position in the element ar\’ cell 
is shown in Fig. i . 

In a recent publication, B, K. Warren • luts made it clear that common 
sulphur is made up of 8-atom rings. The molecular weight of the elastic 
form S„ is not known, but seems to be ver^,' high. 

\Ve know^ from earlier work that the melting of sulphur produces an 
equilibrium betveen the two forms, and this shifts, at higher tempera- 
tures, in favour of the chain-sulphur. About KXX) calorics per gram 
atom S are con.sumed in the transformation of S, into S^. 

^ 1932 (4)1 5 b ^ 4 *^- * Helv. rkim. act., 1934, 17, 108. 

* J. Chem. Physics, t935» 3« 
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Endothermic reactions can only proceed if there is at the same time 
an increase in entropy— in other words, if the atoms, in the endothermic 
form, have more room to oscillate, that is to say, have a greater “ phase- 
volume.” During the process of transformation, however, there is no 
increase in volume, but, on the contrary, a slight decrease; this, there- 
fore. can only be explained on tlu? ground that the sulphur atoms in the 
chain are more m<)bile than those in the rings. In view of thi-, the 
chains must be flexible. This entirely agrees with our conception of the 
nature of elasticity, which has recfuitly been published.* 

rsomr light is thrown upon the kinetics and mechanism of the 
polynu*risati<vn and drpolymcrisaticm of sulphur Sg by the following 
taits. some of w)ii< h were already known, wdiile others have been only 
lately ol>serve<l by .'^iesaTs. Doth f>olymerisation and depolynicrisation 
arc < .Kalysed by light ; this indi^'ate- that Sg molecules are split up by a 
quantum and then, in the manner or a chain reaction, unite with other 
sulphur whercup'iU tlie product then produced becomes active, 

.ind i'' < apah>le nf sjfhtting up 
of hi r ruigs and attaching tleani 
to the rapnily-growing chain 
t on\ cTM/Iy. a t(,»inpleted < ihun 
ill ,i nuTsi>tab}(' siaif* may be 
e\pe« ted to disintegrate' rapidly 
a" .t** a< tlVutlun tak< > pi i* e 
at anv 

If purified 'ul;>hur i'^ heiied 
in p\ r< X ve-.seb, it r» !u.uns e 
thiii up to 172 , or a Jew 

<iegt-'c> lugfivr if lu tl.e dirk. 

Al'ove th.U point, it < h tfig« - 
u \)U' 'uddenly into an or.mg'-* 

* oioufed rc^moU" « , 

oud tinring tliat pro« tia 
teuipfua'ure f.ills Ivy ai»fait 1 . 
it n<A\' rarctuily ct^ded. the 
rt -iiioav substaiu'e •luiekiv 
InpicVe - ag.iin. aiv.i, wlaui it i- 
re- floated, the t rai>tormatiun 
intt* the resinous su Instance takes place at a lower temperature and 
more gradually. If this tvroce-s-' repeated, the tran.sformation becomt's 
mori gradual r\ery time, and all the phenomena of retardation dis* 
appear, fhe nutastafvk* tluid state, which i.s e.isily obtainable in virgin 
sulphur at 170 , can no longer be secured. The explanation, we think, 
is, that in the proce>s of iieating, active molecules, on which chains 
U»rm vtTy rapiiliy, a{ipt‘ar only at relatively high temperatures ; in tiie 
process of t uf»hng. the ciiains break away, but leave nuclei whicfi. on 
rc-heating, quickly establish equilibrium (formation of chains;. 

The polymerisation of metastable virgin sulphur at I7v>^ can also be 
initiated by the advlition of a vcr>- small quantity of polymerised product 
or prtKluct in process of polymerisation. 

If sulphur IS healed to much hightr temperatures {about 31 kV"), 
its viscosity deenuses and it turns brown. If it is then cooled, the 
viscosity rises again, but not up to ihc maximum that is reached at a 


I 



Flu I."' Arrangement of atoms in the 
elastic sulphur. 


• Helv. (him. ad,, 1935 , 18 , 570 , 
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temperature of 200® on heating virgin sulphur. If cooled still further, 
it slowly liquehos ; on heating thereafter, it quickly becomes viscous, 
but never acquires the high viscosity of heated virgin sulphur. 

Hence it would seem that, at high temperatures, the long chains break 
up into a largo number of shorter chains, which arc more stable than the 
long chains of “ virgin ” sulphur. Possibly, in the process of cooling, 
they leave bohin<l sucli a large number of nuclei that on re-heating a 
large numlHT ol ^iiort chains are formed instead of a small number of 
long ones. 

The viscosity of liighly viscous sulpluir is greatly diminished, by 
addition of traces of halogen or of hydrogen-sulphide ; at the same time, 
the amount oi Sj, in the equilibrated mixture becomes smaller. We thmk 
th.it sliorter chains with CJ, Hr, 1 or H at the ends are tormed : 

H- S' -v^ S S-S- 'H or 

s - S S S - S - Cl. 

These plunomen.a show tliat tlie polymerisation of sulphur is tf» be 
regarded as similar to that of other rc.ictions of polymensation, 

The >eion<i clastic substance polypho'^plionitrilii chloride, dis- 
covered bv which is produied l>y he.it ing v.irious pho^pho- 

nitrilic chlorides ol low molecular weight^, nanulv, the aiuud.ir 
comfiounds : 

nu PCI, 

/' \ 

N N N N 

/ 

(1,1’ rn, Cl,}' 

\ 

N N N 

\ C 

lU, 

Pidyfilio'Hphnnitnlii « idi/ndr n ainiO',t indi’^tingmsh.dde, externa.ily, 
from sliglitK -V ulcaru'^rd rubf*< r. I’lKicr teii'^icui it develops a dfaible 
retraction .uul yieUl^ .t lii)re <iMgr.ini, .»< Pankc>w * has uv cred. riu'^ 
diagram a fibre period oi 517 A. and in the diret tn-n »}f the hbres 

a digonal r( w axi'*. 'I hr ?no-? pr«»b.ii»je arrangement ot the and 
N atoms i.'; shown 1:1 lug. z, wlu. h ba<e<i u[>on the X-ray <ii.igrani, 
the diameters <»t the P r.nfi N .tToiU'- .uul the angles known from ioin- 
pounds such as Pt )( I3 .md NH^. 

Here again, like in ^uljdiur or strci'hed rubber, long rhains |»ro 
mary valeru y are .irrangid [eir.dh 1 t., the direction (d tej^viou. l‘he 
space ot oiu* identity-period m th» .lXl'^ i> o» a upieri [>y tw<) }*N( l^ residin s. 
When the tension is \vithdr.»wn. the luterterences ilisapjHxir, PotiJing 
in the ten^c state (.aiises the <.r\ ^taihstd state to " trvr/v stiff, ” as in 
the (Use (d rubber or fibrous -.idjdiur. 

We have al^o f>]{>tted tlie lo.tfbt xti-ndon curve of this iru?rg.itnc rublier. 
Phenomena of tlow ,,re - uperpo'^i, <1 on the fiheruunejia of clastic 

deformatiiMi ; on tlie wiiole, ihi-' < urve resembles that of rubber. We 
have investigated them with reterem r to thf' lernperaturt^-tensiua (urv*r 
of a stretched test j>ir( e, and the curve ts also wholly analogous to that 
of rubber (Fig. 3). 

Am. (hem Sot 17, 

* C . r. de la Soc. phy t t hi nat. de Orffive (Juillet, ioi5). 
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On heating, at a constant degree of deformation, the tension increases, 
and more than would be proportionate to the absolute temperature. 
The reason is that crystallised portions ** melt and also undergo tension. 
On cooling, the tension reni<iins at first higher than in the process of 
heating and decreases [)ropr)rtionately to temperature ; it gradually 
continues to decrease alsr» at constant temperature. The substance 
enters at first into tlu‘ amf>rphoiis “under-cooled, meta^tablr state,’' 
and crystallisation arul the restoration of the original degree of tension 
lakes place only gradually. 

definite information a.s to the mechanism of contraction ran be 
drawn from this temperature-ieiision curvT. Contraction is produced, 
not l)y the action of attractive forces, but by the thermal agitation of 



Fig ai- 1 ir«, 3. -Stress temjHraturc curve c»f at 

riitnjrmr nt of the F 2.i>o p'r cent, extension, 

ami N atoms in 
i^lyphosphonit r j 1 j t 

chloride. 

The links of the llcxiMc ihains, which tends to produce th.e statistically 
preferred comlition in nliich the chains are completely iii.<critnUUed, 
in companion witli the lrs< probable orinUaU*d arningement/ 

We arc not <i> yet in a position to nuke any statement on the kinetics 
and the equiltl>rium of the polymerisation of ilH'ljN-. Hfirmi ha** 
found, however, that tiie reaction is reversible depolymeri^aiion sets 
in slowly at low temperatures under the infiuence of spetifi ciienncals, 
such us dioxane. A mixture of the pliospiionitnite cldorides of lower 
molecular weight." i" thuH obtained 

The same consideration" apply here as in l)u* case of If 

• ( /. the theory of elaslkity of rubbt'r givTn hv Meyer, Valko and f erri. 
hoU, 59, ioti ; Heh Ck\m, acto, 1935, iS, 570. 
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endothermic polymerisation is to be possible, the atoms or groups of 
atoms in the polymeric product must have a greater phase-volume — 
re., greater mobility — than in the rigid annular trirner or tetramer. 
Hence the chains must be flexible. 

It will be seen that there are strong analogies between the two in- 
organic and highly polymeric substances and the organic polymers, 
both in the morphological arrangement of the atoms and in the mann^'r 
of their polymerisation. 

GENERAL DISCUSSION 

Dr. R. Houwink {Eindhoven) said : Is there an explanation of the 
rec(*nt observations of Sakiirada and Rrbnnj>: ^ on the change^ in tensile 
.strength of stretched elastic sulphur threads with time. If tlu* observa- 
tions of these authors are corrected so that th(* tensile strength is calculated 
oil the actual area during the test, it is, t ,g., found fc^r a sulphur, prepared 
at soo' C .. that the strength firstly decrea.ses within two days fnun 720 
t'> jS-: kg. mrn.*^, then it increases within four days to iiU) kg. mm 
again, after which |x*nod it starts to decrease steailily as a conse(|ueik»' 
of the transition S„ Sj,. If the rise from zSz to kg. mm. • ® tould 
[)e ascnht'd to an increase of the chains in the Wf‘ak rublHTy mass, to what 
cause may then the initial decrease* he ascribed. ' 

Professor K. H. Meyer in n‘ply to a question (»f 1 M* Kat/ 

suggesting tiiat there a chese connecli»»n Ix’tween <’\tensibilit\ and the 
phtuiomeiion of crystallisatKui on .stretching ( Kat/a'liect ' One can easily 
undecstaml that crystallisati(»ii occurs only, and only 1 an occui, il the 
chams are built uj> m a regular way, hkt* suh>hur chains <\t tiatural rublxT 
(.hams If the chains ar<‘ irregular (as m stune natural piotiun chains. ( c . 
thr elastic ligament {hi^ament'ant niuhae chains of sM-called synthetic 
ruiibei, whidi i.s a very irn*gular and liraiiched hvdnKarb)n then we 
obx'rve e.^iensihiiilv, l)iit no i M-vruZ/Ka/eo: 

Une can ])revent rubber fnun erv "lallising by vulcanlvition with a 
sulhcieiit fjuaiuitv of sulphur, no to make the chains irregular * 

Referring to the theory of M.uk,* who explains th<* contraction cd rubU^r 
by f</rces of attractuui which are saturated during ctuitraction, I s*iy most 
dehnitely, that this tlieorv m t ontradu tion with the inijKjrtanl pheno- 
nu'iion of tlie ( h)ugli-Joule-^etU ct and therefore cannot be seriousK taken 
into account. .\ saturation of forces or " coiulensiition “ would involve 
of heat during contraction, while aU.iftptum of heal is ob.s<'rv(‘d 
As to the form of the inohM ule of sulphur in the liquid state. I can onlv 
say that the enormous nv* in viscosity during production of the ela'-lic 
h’rni clearly iudicati s a pilyniensitiou in the molten state, 

Mr. Houwink s[)t.’aks of the peculiar Inhaviour of freshly preparoil 
elastic sul]jhur : the tensile strength first rises, and then falls, d here 
are certainly several reactions, which by supt'r]x>silion can cause maxima 
or minima, Idastic .sub,stanc*-s, when heated and cooled, undergo a change 
in the molecular arrangement of the chains, a Sfjrt of jiartial crystallisa- 
tion. t>y which the .sohdity is augmenttMl, flus fact is well known with 
rubber, which shows ddfer'Uit load extension curves when it has Im^h 
previously heated or when ke])t for sontf* time at ordinary temjx'rature. 
On this phenomenon is su{X‘r{>osefi. m the case of sulphur the dejK>lv- 
mensation, which diminishes the tensile strength. 

hoU. Z., 1935* 7-^* " Hf^t i him. atta. iH, 570 

•y. Am. ( him. S.>i , 1034, 56, zyyo. 



KINETICS OF RING-FORMATION AND POLY- 
MERISATION IN SOLUTION. 

By G. Salomon. 

[Received gth August, 1935.) 

In a series of experiments carried out by H. Freundlich ^ and his co- 
workers, the kinetics of the reaction 

Br . CHj, . (CH,), . NHj CH, . NH, HBr 

{Cl I) ! (CL I) 

were investigated by measuring the increase of the halogen ion concen- 
tration, and the reaction was found to be strictly of the first order. The 
velocity of the reaction was not influenced catalytically by the presence 
of neutral salts, and impurities in the starting material were inactive. 
In aqueous and acjueous-alcoholic solution, it was necessary to use excess 
alkali, but this was merely to neutralise the halogen acid set free ; apart 
from this, the reaction 
velocity wms, within W’ide 
limits, independent of the 
(OH') c(»ncentration. The ^ 
reaction also takes phuv ft 
in anhydrous organic sol* ^ 
vents, but w'ith a much 
smaller velocity. -y 

Fig. l shows what ^ 
great differences were ob- 
served by Freundlich and 
his co-w'orkers in the velo- 4 
city of formation of vari- 
ous rings. The 5 -ring is 
formed ux),cxx) times a 
quicker than the 4-ring. j 
At first there was no 
theoretical cxfilanation for 

this extremely small tend- 

ency of formation of Uu* — 

4-ring; Ruzicka* had 
found similar results in synthetical experiments, and he recognised a 
general regularity in intramolecular ring closures. The 4-membcred ring 
is very easily formed by a bimolccular reaction, and Ruzicka attributed 
the very small tendency to formation in the intramolecular reactipn to 
the infrequency with which the ends of the molecule meet, corresponding 
of course to the higher energy' of formation of such strained rings. 
Actually, however, the circumstances are even mote complicated than 
this, but the theory h;is been of great value to us * and the subdivision 

* Freundlich and oo-workers. Z. phyuk. Ckrm.. 1911-1955. Last part. 1933, 
166* 161. 

* Heht., t9a6, % *30* • Freundlich and Salomon. Ber., 1933. 355. 

*53 
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into energy- and statistical-factors ♦ soon allowed us to recognise a 
number of regularities. 

Some time ago, Ziegler ^ and his co-workcrs were successful in syn- 
thesising many-mcnibered ring systems in dilute solution, and these 
experiments seemed to us to be a promising basis for the investigation 
of the reaction kinetics of the formation of cyclic imines with a kirge 
number of ring members. Experiments carried out in the laboratory of 
L. Ruzicka and in collaboration with K. E. Meyer soon led to this goal. 
As shown in Fig. l, the ring closure to a many-membered ring in acjucous- 
alcoholio solution proceeds 50 to l(X) times more slowly than the formation 
of the 4-ring in aqueous solution, and thus differences are known of ring 
closures under similar conditions which vary' in the ratio of i : 
depending on the lengtli of the chain. Cireater differences than these 
are recognised when comparing relative rates of formation in organic 
solvents, and the following figures will afford an example of this. 

The period of half-change in the formation of a 5 ring in water from 
the corresponding bromamine is, at 25*^, about one second ; in toluene, 
a few minutes. At tfie same temperature, and in a(|ueous alcoholic 
solution, the half period of formation of a 14-ring is two months, and in 
toluene thirty-three years. In other words, the synthesis of tin* higher 
ring systems niu-^t be carrie<i out at a higher temperature. 

In t'ontrast to the intramole<'ular ring closure reaction, tin* inter- 
molecular polymcri-sation 

Br . CH, . (CH,)„ . XH, - Hr . CH, . (CH,', . NH, 

Br . CH, . (CH,). . XH . CH, . (CH,}. . XH, 
HBr 

1 irgely independent of the cluiin length; it is, liowever, influenced by 
the solvent, and this ( in urnstance allows us to divide tfie intluence of 
the solvent into inter- and intra-mole» ular f.i( tors, and to sec the speiific 
relation bet%vecn the ring closure and the solvent. Naturally, tlic re- 
action velocity constants of the intra- and inter- molecular reactions are 
not comparable on accofint of the difference in tlu* (limensioriH. On the 
other hand, the dependence of both reactions on temperature is given 
by the Arrheniu-'' equation, and by suitalile division of the factors in- 
dependent of temperature, it was possible to obtain comparable valuo. 
Thii^ comparison \va^ carried out in the following way. 


Theory of Irreversible Ring Closure Reactions. 

It is convenient to divide tlie ( cairse of the reaction into three ph*i>es : 

1 . The two ends <>f the rnoh^eule capable of rem ting, in our case, 
halogen alkyl aiul alkyl amine are moved by tliermal impacts of the 
surrounding molecules, this movement being defined by the links in the 
carbon chain and the valency angle. Therrc is a definite probability that 
the ends of the molecule wdll approa(’h within a distance r, the .sphere of 
molecular activity. 

2 . The molecules attract one another, and form an inlermolecular 
compound. This compound has a definite life periotl, and can either 
revert to the normal open chain compound or it can tindergo the third 
phase of the reaction which is, 

3 . A thermal reac tion resulting in ring formation. 

t Hiickel, Theoretische Grundlaeen der organ. Ckemit. 

‘ Ziegler, Eb<;rie and Ohlinger, Ann, 1933, 504 , 94. 
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Corresponding to this idea, vve ran formulate the Arrheniij>’ e(|uation 
thu- 

jI^ 

kiiscr-^) = Z, . f «»’ =.- .Z\.e 

Zj a value (alrulatcd from tlie temperature function of the reaction 
velot )ty and Z\ corresponds to the real reaction (phase 3), wliilst 
n prrscnt'i the probability of tlie first two phases. 

W'v -hall next con.‘*ider tlie essential reaction, that is the case when 
Pi ----- I and Zj ZV The velocity of the reaction is determined by 
forni.ttif»n of halogen ions, or in j^en<Tal by the transition of halogen 
atom- from inside, to outside, the -phere of action.* Tlie mechanism 
(»f rht re.H'tion is analogous to numerous bimolecnlar reactions l>etween 
h.ilogt n alkyl and alkyl amine, but it is also related to inorganic reactions 
sm h the transformation of purpureo-ehromium chloride, to roseo- 
chr»'::;$um chloride* Thi> reaction, the separation of a covalent link 
In ii: auiothermic re.u rion, ami therefore requires an appreciable energy 
ot .» tiwition. keeriitK-, M. P(»lanyi ’ and his co-workers have given 
a ij'.ca r d heme t«>r i<Miogem»‘ n actions. 'Hie theoretical calculations 
o! tl.* riv<itK»n energy ot ‘*u( h reaction- agre»* well with the experi- 
ment, J values of to ^3 K't'al tin the other hand, in the formation 
o! 3 0 nicmliered ring sv^tfun-. generally .1 smaller energx' of about 12 to 
2‘» ..h j- t«>und 'i'he latter value is, however, also valid for the 

cai i- iumolecular reaUion, A n-duction of the activation energy' of 
clu r< .1* ti(»n is easily exjdamed by the aetiori of the amino group. The 
halogt n Jon wall, m formation, be atlraetcd by th<‘ amino group and the 
wr^rk quired for the rcnxw.il will, therefore, be tliminisin'd. 

T».e :.t' tor indepemh'iit of temper.ilurc, Zj, has the dimensi{»n> of a 
tr< . j,,. n- y. AM ording to ihdanyi ami Wigner.* thi- Nigaifie- in large 
orjauu imjlecuie- ilu* frequency with which the atom or atomic group 
\fbr..o. . aboiit a d<*finit<‘ bond, On acMmnt of the connection between 
atom Mbratjon and tlic Kaman and mtra-red sjiectrii, thi- factor musi 
luivr the \ aliK' 5 > to**- 5 >, 10** scc,“h Ae\ ording to this thet»ry, 

tl}ereo*rv, tiu* thermal decomposition of nrgani‘- molecules a pre- 
do > • c ’jon phtuiomenon. 

I\iblc I shr>w>. the theoretical value ot Z wa,s obtained m four very 
djtttrf ii? types of rmgiloMjrt Other ring closures in aqueous .solution 
; -iiow valuts wim h are sm.iller b\’ >e\eral {l to 31 powers of ten, 
but t h< -e tlcviations are easily explained by the closer statistical argument 
u 111* h {ollows, < )n the <»t!ier hand the factor indepemient of temperature, 
i-- I'^md, in organic solvents, to have a value which is 10^ to lo'^ times too 
sftudl Sim e, on tins avM>ur)t the intermulecular reacliiui also proc^wh 
slowlv m organic noIvcntN, tlie solvent ohviousTy' influences th<* reaction 
mci b.4msm. On acctmut of the good agreement Ix'tween the theoretical 
ami cxpt rimental value- for Z in Tabic T, it was clcar^that water was the 
natural solvent for such i<niogenic reactions and a specific explanation 
.should be sought for tlu* anomalies in organic solvents. 

An imrease in the \ alue of 7 / occurs only in the e,ise of the ring 
clo-ure of hronio-ethylannne (r/. Table I.y in which tlie molecule coasist- 
o( only three atomic groups in contact one with another, This indicates 
certaan intuTdegrees of freedom, and thendoro the transference of energy 

* H. Freiindhch ami K. Ikirtcls, Z. pky.iik, Ckrm., 1922, 51, 177. 

' l\)kinvi, />««.', Farad 4 ty 5 <x-.. 1935, 3 ** 

* Z, phystti, i 1928, IJ9A« (Haber volumek 430. O. K. Rice and 

Kainsferger. 19-2?^, 40^ O17. 
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TABLE I. — Solvent : Water. 


Ralogaudkyl Amine. 

Ri&f. 


Br . CHa . CH, . NH, 

j 

CH,— CH, 

\/ ■ 

6‘3 . lo** 

Cl . CH . CH, . XH, 

/ 

CfHj 

C,H, . CH— CH, 1 
\/ 

x-o . lo'* 

Cl . CH . CH, . CH, . CH . NH, 

CH, —CH, 

CH.C^H (!:H . CH, 

\ / 

NH 

4*0 . io‘* 

<!h, <!;h. 


Br . CH, . (CH,), . CH, . NH, 

(CH.). 

/ \ 

CH, CH, 

\ / 

NH 

3-3 . io>* 


is favoured. In the following we shall discuss how lar the differen» t - b'-* 
tween Z and are caused by the probability of the first two [)h 

It is important to define these probabilities. The first phase includes 
the change of the shape of molecules, which may be inlluenced by the 
chain length and may be different in various solvents. The second 
phase, which brings into question tlie life period ot the intramolc' ular 
compound, may van,^ with the experimental conditions, t.g. with varia- 
tion of the dielectric constant of the .solvent and its hydrostatic procure. 
In contrast, the third phase, the real reaction, should be affectr d only 
by the predissociation phenomenon ; it is defined by the potential sur- 
faces of the molecule. .-Vs the probability ;is to the first or st^ ond phase 
will be varied in our experiments, we shall discus.s in this paper the 
a priori probability of the>e two phases. 

If the active end.s of the molecule approach to within the distance f\ 
then the mutual attraction of the two groups will overcome the th^ rrncl 
forces. If we describe thi> spatial position as the “ Ring Position/* 
and all other possible forin^ as the '* Chain Position,’* tlien we arrive at 
the equilibrium 

King Position i hain Position 
and the definition may be given 

/^ « Molecules in the Ring Position 

^ Total number of Molecules 

Thus when Pj* I, all mr^lecules are at any time in the ring po.^ition. 
On the other hand when P^* =r= it indicate.s that the ends of the 
molecule never approach to within the distance r. Let the average 
most probable distance of the molecule ends (in the nomtal position of 
the chain) be R. Then tlie value of Pj* is determined by th<* ratio 
r : P and the number of the possible transformations from the normal 
position to the ring position. 

R certainly increases with increasing length of the carbon (hain. 
By considerations based on the study of models it is seen that the value 
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of R increases very rapidly, and the ratio ol r: R becomes progressively 
smaller and finally reaches the limiting value of zero. This would lead 
one to think that there would be great differences in the ease of formation 
of the many mcmbercd rings, for instance between the 15- and 1 7-ring, 
and between the 30- or 32 -ring. Ziegler’s experiments have .shown that 
this is not the case, and he has already pointed out the contradiction be- 
tween experiment and theories based on models. The reason of the con- 
tradiction is probably as follows. 

Long chain molecules are in constant Brownian movement,* and to 
this may be ascribed the magnification of the Edtvos constant in the case 
of the higher fatty acids. Solutions of long chain compounds show 
for this reason, large anomalies in their osmotic behaviour,^^ It appears, 
therefore, that we should also ascribe to short chains a certain inner 
Brownian movement, and the vibration of the individual members of 
the chain one against the other renders the completely closed and the fully 
( ^tended form e<|iially improbable. Entropy considerations indicate 
the h a 1 { - c 1 0 s c d 
form the nu).<t 
probable, and if 
this js the cast% 
then tlie introduc- 
tion of another 
tnembtr into the 
5 .irV^on chain will 
iacrea^e the aver- 
age distance R Im - 
tween the end< of 
T l.'e ( iiain only l»y 
’'uuill quantity, ami 
R will tend to re«u h 
a Inruting v<ilue, 

The prubabilitv 
or ring closure will 
be governed by the 
condition of the 
valem v angle, as 
the chain might 
frequently be in 
the m*cc.ssar>' spatial position for ring closure, which can only occur if 
the jMjsition of the valency .mglc is correct. This “ steric hindrance’* 
of the valency angle distinguishes the 5-membered ring from all the 
others. The movement ol the 5-meml>ercd chain takes place chiefiv in .i 
jd.me. and the three possible plane configurations predomirate. 

These three form> may be mutually converted, one into the other, or 
into the ring position, which is a contrast to the many spatial forms of 
tire fi-, 7-, 8-membercd chains. In longer chains this factor i.s of little 
importance as, on account of the great number of degrees of freedom, 
many of the spatial forms can be converted into the ring fonn, 

Fonnerly it wxs itssumed that all geometrical isomers were equally 
probable, but the Raman sfX'Ctra of 3-, 4-, and 5-mcnibered chain.s points 

* Born and Courant, Pkysik. Z,, 1913. 14^ 731. Madeluug, ibtd., 1913, 14, 729. 
Freundlich, KapiUarch^mte, 193®* 55 - 

K. H. Meyer and Luhdetnaun, Htiv,, 1935. |8, 307. 

Gutb and* Mark. 1934. 05, 93. W, Kuhn. KoUotd Z., 1934. 
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to the existence of at least two favoured forms. Interatomic forces 
cause a limitation of the freedom of rotation and individual geometric 
forms are favoured. According to Kohlrausch no characteristic Raman 
line for the ring configuration could be obser\'ed, as it is obviously 
hindered on statistical grounds, and the results of kinetic investig.itions 
are in harmony with this conclusion. For the 5-membcred ring 
0’03 > Pj* S o-oi. According to Fig. 2, however, everv' third molecule 
should be in the ring position, t\t\ Pj® — 0*3, and according to thi<^ the 
5‘ring occurs 10 to 30 times more seldom than would be expect<‘d on 
purely statistical grounds. 

The first kinetic problem with which we have to deal is to prove 
qualitative agreement with the theory of the diminishing value of Z 
with increasing length of chain. It might be considered that only a 
few ring systems are what might he culhei normal.*’ What statistical 
circumstances would be met with in the strained y and 4*membered 
rings cannot he predicted, bnt even rings witii a medium numl)» r of 
members- 9 to 14 — are anomalous. According to Ruggli.^^ f 
Braun, Ruzicka,^’ and Ziegler,^ they art^ certainly difficult to tonn .(Ud 
Carothers showed that they are extremely un'*table when tormt d. 
Here we probably iiave the steric hindrance of the valency angle tog. t her 
with the hypothetical sttric hindrance of the molecular structure r.-eh.** 
These fuetors must tlierefore be adtkal to the already comph' it*‘d 
.statist ic.il circumstances. 

Before discussing experimental re-ult^. the general intlueme (4 xd- 
vents oil the speed of reaction shouhl be referred to. Inter- and intra- 
molecular reactions result in the f<‘rmation of moli'cular compound' in 
wliich the reactions finally occur. 
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R— N R 
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N (lljO'* Hr . (11, 
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The j)hase of the reactions wliich leach to this molecular ('ompourid the 
only one affected by the difference in dimensions. Opposed to the -imple 
ionogenic the ory there is the additicm.d restriction in both the complexe- of 
the action of the amino group In the sense of the tJieory^ of PolauNi tUid 
WigieT, no more tiian tJie energy with the frequtuicy of lo** ne<o *;..,try 
to overcome the ('- Hr linkage, but at the same* time it must fultii ajiy 
restrictions there may be between^®' (H^Hr-solvent-NH* . C'H,- On 
account <>t thi' simultaneity the life jieriod of tlie molt'cuUr compound 
will be real. 'Hie reaction consists, as it were, of a .series of equihbri.i, 
thus : 

1 . 

Chain Po^iti()n ^ - Ring Ikisition Molecular Compound Activated 

IV 

Molecular Compound Reaction Product. 


K. F. W. Kohlrausch, if. pkysik. Chem B.. 193^. l8, 61. K, F. \V 
rausch and KOpjK l. ibtd., 0, ^4, 26, 209 . M. 1933, 65, 185. 

Eucken and Wcugert, Z, phvuk, Chem. B., 1934, aj. 265. 

Knggli. Ann., 1912, 392, 92 ; Ann., 1913. 399, 175. 

!! I •' 19^0 1935. 

J. Am. Chem. Soc., 19^9-1935 ; cf. J. v. liraun and co-workem. Bet, 
57 f 285. 

M. Stoll and G. Stoll-C^jmte, Helv . 19^0 it 118c 
H. Eyring, J. Chem. Physics., 1935, 3. 107, 


. Kohl* 


* 9 ^ 4 . 
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Actually, the life period of the molecular compound in water is long. 
Only the equilibrium I (the steric factor) and III (activation energy) will 
then determine the velocity. In pure organic solvents on the other hand, 
the speed of reaction diminishes in the series nitrobenzene, acetophenone, 
benzyl alcohol, methyl alcohol, halogenatcd hydrocarbons, benzene, 
xylene, decalin. This series is in agreement with that w’hich has been 
found for similar bimoiccular reactions.*^ 

There seems therefore to be a connection between the hindrance of 
the reaction, the ionisation process and the dielectric constant of the sol- 
vent, but this assumption is not sufficient. There is a non-ionic reaction 
W’hich is slowed by the solvent, namely the association of free radicals,** 
2(C^Hj)3“— : C . C : (C3H3)3. There exists, according to 
Ziegler, a relationship l)etw'een radical formation and spatial packing.*® 
If the radical has a high rJensity, then the work of the association must 
be performed against the solvent, and the association will, therefore be 
hindered. Correspondingly in the amine reaction the molecular com- 
pound has perhaps a favourable spatial pac'king in p>olar solvents, and 
therefetre the life [jeriod is increJised. With increasing symmetry of 
solvent, the molec\dar compound finally reaches its normal life period, 
which conse(juentIy determines the rate of the reaction. The fact, 
therefore, of the solubility in organit' solvents of the imine salts, which 
elosely resemble the molec ular compounds, is in .some degree related to 
the sfH'eii of the reaction.*^* To .separate the intlucnce of the solvent 
from the geometric factor /\* we use a second probability factor, 

W’hich is defined as follows ; 

p Number of non 'activated molecuIe>s in the molecular compound 

^ Number of molecules in the ring position 

and in a<}ueous soluti(ui is l. 

I’or the intermoIiM ular reacti(»n we have the Arrheniu'^’ equatitm 

A'giMa * mol. L ' - 

Z\ giv'es directly the faniuencv of ci>i!ision'<. The value of Z\ depends 
on the mass and radius of the molei ule, and is of tlie order of magnitude 
of 10“ fsec“* mol. L b. A irrtain correction is necessary for the vis- 
cosity of tile solvent, but tin,*' does not affect the order of magnitude of 
Z. The probability fat tor can again be divided into two components, 
the geometric factor and the infiueme of solvint an<i respec- 
tively, PJ^ may be defined as follows : 

p p Number ot noii sictivated molecules in the molar compound 
* Number of collisions 

The two values of P^ make it possible to compare the infiuence 
of the solvent. The geometric .structure of the chain plays scarcely 

Moelwvti-Hughes. Tha KinetUs of RfocHons in Solufion, Oxford, IQ33. 

** The hindrance of tiic reactu)n u> calculated according to the measurements 
of Ziegler and co-workers, . 19-JO. 473f 163 ; 1933, 504, 131. 

*• Irani. Faraday Sac., 1934 , 30 , 10 . 

** In this connection it would be essential to know the behaviour of the 
bimoleculAr reaction in water. This had not hitherto been investigated on account 
of the slight solubility of the halogen alkyls in water. For this investigation, 
the reaction R, J N Cl . CH, , CH, . CH. . : N . CH, . CH, . CH, . NH, 

would be eapeciaiiy suitable, since the formation of 4*menibered rings proceeds 
very slowly between o* and 36*, 

•*C/. &>perand Wtllians« Trans, Ckam, Soc., 1931. 
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any role in the bimolecular reaction, and as a matter of fact it is found 
that in a number of bimolecular reactions the length of the chain is with* 
out effect.*® If, however, anomalies should appear, then we must 
consider that the extended chain form, in which the active groups are 
available from all sides, favours polymerisation, which is the direct 
opposite of the conditions for ring closure. In general the assumption 
that Pj* ^ ^ sufficient. 







• »- o- - 
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Shape of Chain Molecules and Solvent. 

The statistical proportions encountered in the formation of imines 
are shown in Fig. 3.*’ The a priori probabilities for ring closure in water 

are 5 : 6-ring == 10 : i and 
5 : 7-ring l : 100, which is 
the direct opposite of 
what one w'ould expect. 
This result contradicts the 
statistical argument de- 
veloped above ; but by 
employing the methods 
of capillar\' chemistr>' the 
contradiction can be com- 
pletely explained. 

Between tlie hydro- 
carbon chain and water 
there are large surface 
forces which cause the in- 
solubility of the hydro- 
carbon in water. To assist 
these forces hydrophilic 
force of the amine group 
acts in the halogenated 
alkylamines rendering 
these bases soluble in 
w ater. Now a molecule in 
the chain position lias an 
essentially larger surface 
than w'hen it is in the ring 
position. Since in capill- 
ary inactive solvent.s there 
are surfiu e forces between 
the solvent and the solute, 
the dis.solved molecule will naturally favour the form wdth the smallest 
energy content, re. that form wdiich presents the smallest surface area 
to the solvent. This means the ring po.sition. In capillary active 

solvents, on the otlier iiand, the surface forces are small in comparison 

with kTj and here the true statistical ratio is obtained. In x\'lcne the 
correct sequence is found, and it behaves here wdth the relative ease of 
formation for the 6 : 7-nngs of 10 : i, 

*• Moelwyn-Hughes, he, ci/., p. 91. 

r fo^ the 3-6 membered rings are largely drawn from the 

work of Freun^ich. and we fully discussed in l 7 elv„ 1933, l6, 1361. Exact 
measuremente for the 7'nng in water, lUh,, 1934, 83 *. The individual 

data for all other measurements are unpublished. 


N umber of Rtn^ -Htwhits 
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Fig. 3. 

Solvent: Water. 

30 per cent, isopropyl alcohol. 
Xviene, 
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Now, are the surface forces between brom-hexyl-aminc and water 


sufficient to bring about the kinetic 
has shown how’ such 
differences of energy 
bctweeti the mole<‘- 

anomalies observed 

TABLE II. 

? Langmuir ** 

nlar forms can be 

Energy' m i 

1 1 

1 1 

i 

calculated. He ap- • 

plied the known j 

er^^j 10 “ 
Cylinder. 

1 Sphere, j 

i 1 

X. j 

d a t a of surface . i 


1 j 

1 

chemistry to the j 

46 

40 ; 

it ( 4-5 

solution of the prol)- j 

K'ln, and <Mlculated ! 
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inj , 3 / 10^ 

the Mirfar’e forces 





\>ctwecri water aiui a inoiUK'arboxylie aeid in the cyli:i<irical and the 
i>pheri< al toriu, and f<iun(\ the values m 'Table 11 . 

The energy difference A<letennines the ratio ol the a prion probabilities 

A 

<•! tiie two forni< : /’; ~ r at ordinary teniperat iires kT amounts 

tn 4 ■ lo crj^. Whilst \Mtii butyrie a< id tlie spherical fiarm prevails 
i>\ir the cvhndrical form ^nly by 5 : i. in pahnitn acid the molecules 
are rutirt ly in the « ylindrn .d lorm. For an a .id t'^fOOH, X 15 to 
25 • i<> eri; per inoliM ule, which '^^ive- th(‘ ' ^frro-pondini^ value of 

I'x as lu*'* to l’};^ t ^how>, the prob.ibihty of the formation 

ill a 7-nn'2 in water bc< uine- lo* to 10* times h.r^cr. Thu'^ with the help 
ot this vvty ^ r-.id< e<unp.tns<.n with the iarboxshc a< h!s. v,e reach the 
correct <irder ot niat;nitu<le in the elKect^ ior 

tile e\at t apfilicat ion ot Lvinc;niuirb nu tho 1 t'‘ tltc haloj^en- 
aiky lamine^, a itreat <iral of }>hy>ical data, are i.e kin^- M'^reov er, although 
tie- ring [>o-ition conMd<-red here i^ Mindar to ihr sj)iierical pcc^itioa of 
i.angmuir, it is not elentical with it. < one-, t orthr- of magnitude can 
be obr.uned, linwever, by nnnjianng the ». <.)mpt> und^ 

li , ,t IL iHdl 

Hr . A Hj 


The Nlij and I’Ot.tH group have n 
TABU' HI S^>Li'HnnY is Molks 
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;:ry "iniilar hydiophiiie a< lion, whiHt 


TKR I.lIRE AT 


Hr 
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that of the (dl^Br 
gr‘*up i< larger than 
that of the HHj 
group. N(nvarc(»rd- 
ing to L.ingmuir,®^ 
lliere exists a clo.sc 
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relationship between 
solubility 4md capil- 
larity, and, it the 
c o ni j> a r i s o n is 
correct, the solubility 
of tlie alkylainines 
m 11 s t b e o t t h e 


correct order of mag- 
nitude. 


The fact is that the solulhlitics of the halogen alkylamincs up to C5 arc 
considerably larger than those of the corrc'^ponding cart>0Nyiic acids, 


•• Volhyid Chemistry, by S. Alexander, New York, 1926, 
Colloid lU.. 1925. 

0 
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but in the transition from to the solubility sinks to a fourth in the 
carboxylic acids, whilst with the halogen alkylamines it falls to i /200th 
of its value. The higher alkylamines have a very much smaller solu- 
bility, even in lO per cent, isopropyl alcohol. This rather sudden change 
of solubility is simultaneous with the occurrence of the anomalous be- 
haviour observed, and with the preponderance of the spherical fonn of 
the molecule. One may, therefore, suppose that the phenomena arc 
related. In contrast to tlie carboxylic acids the halogenated amines can 
change into an inner molecular compound 


O 

•I 


C— on (HjO), 

CH, 

NHjOH 

Br 

- 

CHj 


CH, 


In this molecular compound the actions of the hydrophilic groups arc 
gradually mutually saturated, and in consequence of thi.s, the action 
of the hydrophobic groups becomes stronger and the com{)oun(I becomes 
insoluble in water. As long as the solvent has only a small effect on tiie 
molecular structure, the open chain form will remain in w.iter, but if the 
spherical form is enforced by the solvent, then the more sparingly soluble 
molecular compound is fonned. 

If we take, on the one hand, tlie a priori probabilities found in bciuene 
and xylene for tlie 6: 7 *ring lO : I, and on the otluT hand, the ob- 
served solubilities, then the following values are proba[)le (Table 

TABLE IV. 


Ring. 

sec.“U 

\ 

A 10>* 

Erg Pfir 
Molf^ruJe, 

^A* 

Conw led. 

i RpUti\T 

! Prrqurnry 

1 of ibi* King 

j 

5 

10 . 10** 

1 

0-03 

5 

3'5 

0*01 j 

250 

0 

2 5 . 10^^ 

0*005 

10 

lo 

0*0004 

10 

7 

I 2*5 . 10^* 

<^‘5 

40 

25,000 

0*00004 

1 


As can be seen it is necessary^ to make only relatively small proportional 
corrections for the 5- and the 6-ring to make the differences of the a priori 
probabilities appear six times larger. The tissumption of a rather sudden 
increase in the value of A for the 7-ring depends only on the observ'od 
insolubility, and this assumption was succe.ssfully proved with the aid of 
a kinetic method. 

It is well known that the addition of a small quantity of a capillary' 
active substance lowers the surface tension of water in a very char- 
acteristic manner, and lliis phenomenon depends on a change in the struc- 
ture of the surface. Now, if there is a relation bctw'een the capillary 
activity of a solvent and the shape of molecules, then a change in the 
capillarity of the solution (not the surface) must influence not only the 
.shape but also the a priori probability of reaction. The larger the value 
of A, the larger this effect must be, and this is, as a matter of fact, the case. 

The addition of only 10 per cent, isopropyl alcohol is sufficient to 
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TABLE V. 


Reaction. 

tllCH,), - 

NH| -> (CH,)* > NH 

, HCI. 

Br{CH,)| - NH 

t -> (CHt)i > 

NH.HBr. 
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l(>s\(T the r.ipidily or formation <if a ()-rin‘^ nearly by half, and with 
\0 per «'t*nt. uh'ohol the veloeitv is only a fourth of the velocity in water. 
After thi^, thf addition of lancer (juantitics of alcohol results in smaller 
de< rcase- of velocity, until in (>> per cent, alcohol the value is one^tenth 
of that in water 

Thus the <‘Xp<TiiT\ental valuer deteimined corre^prunl with the cal- 
I nlated valuer ul the a 
pnori probabihty defer* 
mined in T«ible 1\*. The 
giiod ai^reenuMit of the 
ii^ur<‘s is of course a<, - 
cidcntal. Ktfei of an 
entirely diOen lU order 
of magnitude are en* 
c(tuntercd in the forma- 
tion of the 7-nn^ ; here 
the addition of to per 
cent, alcohol is s\itiicienl 
to reduce the a priori 
probability more fiian a 
thousand times ; this be- 
comes apparent by a tie- 
crease tif A// of about 
3*6. Corre.spcmdinj^ly the 
solubility is very nmeh 
increased. Consequently 
the real t ion in 30 {ler 
cent, alcohol is only twice 
as slow. Unfortunately 
bromohcxylaminc is very 
difficultly accessible and the experiments in this direction could not be 
continued, but the fore^^oing experiments are sufficient to indicate the 
relations between .sliape of molecules, solubility and the velocity of 
reaction. 



~~ Solvent ; Water 

30 Percent. Lsopropylalcohol. 
- Xylene. 

Fig. j. 
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The energ>' of activation of the reaction is also closely bound up with 
the insolubility. WJiilst the value of E remains constant in the formation 
of the 6-rin" in water and in aqueous alcohol, it falls in the formation of 
the /-ring about 4 K-Cal. The formation of the 7-ring from the broma- 
mine in aqueous alcohol requires only 2 K-Cal more energy than tlie for- 
mation of the ()-ring in this solvent. This latter difference also ol)tains 
in benzene and is probably closely connected with the steric hindrance 
and the structure of the molecule. According to Polanyi, the larger 
the ionic ratlins of the halogen i(»n (in the nascent state), the larger will 
be the work t)f se])aration. The somewhat stidden inert'ase in tlie energy 
of activation in w.iter depends also on the formation of a hydrated ^heatli 
on the amino group. Freundlich and his co-workers have ftnind that 
certain ring t io>urt‘ reactions proceed not only in org<mic solvents but 
also in t liarcocd, uith an activation energy of 4 to 5 K-('aL les>. 

The exact inve.^tigation of the temperature roethtdents f)I tlu-e re- 
actions shows how inaccurate conclusions drawn solely from tln‘ velfHdty 
constants can be. The sriiedl rate of tormati(»n of the 7'nng (Fig l) in 
wuter is (due to the large enorgv of ac tivation, ami in organic -oKcnts 
the infrequency with which the em^is ot the molecule .ippro.ich e.u h otlu r. 
Similar circumstances obtain in the cast* of the formati<»n of tin* I /-ring 
in aqueous alcohol solution and xylene, (fenerally tin* org.mie -olvent 
favours a ."mailer activation energy ami this would ccler^s panhus <’au"e 
a (jiiicker rea('rif)n. Hut *>11 the other hand lh(‘ soj\ent is unfavour- 
able to tile value of Z. so that the final result is a <iimini.shed rr.otion 
Velocity. In Tabic \T. a lew e.Xamplcs (4 tlie intlmuu.c ot solvent are 
collected. 
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If the eiuTgy difTcrerires between the chain and water are small, 
then the diminution of the value of // log Z in organii' sfdvTnts 
shown in Fable \ 1. t an certainly not only be exfdained by capillary 


Juliusburger. Z phynM, Chem. A., 1030, 146, 3*»i. 
lich and Salomon, Z. phystk, C hem. A,, 1/^33, 166, 179. 
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chemical effects. For tins a value of A 30 to 40 X erg per 

molecule would be necessary and this can in no wise be expected accord- 
ing to Tables I. and III. This consideration is naturally valid only for 
small chains. In long chains such as A may be greater tlian kT in 
alcohol and in nitrobenzol. In Table VI. the general effect of the solvents 
on P i.s set out and it may be compared with a few’ values of P^^ for 
similar bimolecular reactions,®^ whereby the impression is obtained that 
tile hitidrance by the .solvent is even greater in bimolecular reactions. 
If the inlra- and inler-molccular compounds have equal life periods, the 
ring closure reaction is favoured. In tlie^e the energy of the whole 
mf)lecule can oven orn** the C Hr link, whilst in bim()lecular reactions 
only the atomic vibration in the halogen-alkyl molecule is active. The 
differences !>♦ tween and /'/ confirms that the life period of the 
moh'cular compound is diminidied in organic solvents. 

It we cf^^‘^l^Ier rliat to a hr^t approximation the general solvent 
influenee on the 

factor i> in- TAHLK Vll. 

de]>cndent of tin 

huigth ol t h<‘ Kmg, 7. ; U‘x7. 

chain, then riu* 


inrbn'fj< c of the , 
sulv.nt -.in l»f Kll.itiv.' i-Ml,'- 
t o m p 1 e T r I V 4diiilty 
taketi into m • 


‘ el <J'<>0<>04 '•'o-S V lO"* 

t ^ • !<»• 5 ' 10* 5 ‘ 10* 


i'ount. Hvcoin 

bi.’uog ih< tluon tji al re-uit- oi Table 1 \'. with the experimental 
iV'-uIn «»{ r.iid<* \ i and h'lg t. we can obt.iin l^otii the absolute value 
lor /'j* .tiid the relatut* probaiuhlv ot ring closure. 

in the trauMtion trom trie 5^ y^-ring tlu* a puori probability 

bills bv than 2 power' (*t bi, wii<i by increa'^ing lltc lengtli (»f the 

» ham by a Inrtiier 7 m(U!>ber- the probability falls again bv 3 to 4 

[M»wer^ ot UK The tii't >*cep l.dl <Icpen<is a^ «ilre.idy e.\[>lained un tlie 
transition trom ti.e pbm<- to tiix* Njcitial lorniN. T)ie velocity of the re- 
action show*' even gnater dittereives, which :ire attributabh* to entail 
dittereie es o| attiwilion energy 

'rix- many-memlM red rings liavt' m xyltmc at a period o! haii- 

< omph'tion ol ihrt'e month-^, .md therefore m this case i>nly tlie order <4 
magnitude ot the tempcraluie lunciion can be ascertained. Mon* minute 
fidferences i/ctween 12 -, 14-, and 17-rings would l»e known from a study 
ot liie reacti\ity of the iodine derivatives, but an objection must in' 
raiM*il here to the x'aliie of very exact mcabureincnts whieli attempt to 
iiHln ate v< ry minute ddferenees. From the ttunperature function <»f 
the HMCthm ilu’ m< 4 )ility of tfie molecule Can be determined. Now tiie 
moiulity ot the molecule itseli and the spatial packing ot the solvent are 
<lcpenfJent on temperature, am! these tem(>erature functions can gre<illy 
distort tile kmetn' data. It would be mm h more rigorous to measure 
the temperature coetin ient ol the reaction velocity at constant volume 
and not at ^on’^ta^t pre^'^ure. 

It might be expected that in the preparation of the large rings in 
aqueous aleoluvl, very complicated cireumstanees wt>uld be encountered. 
For reasons which will be explained in tlie next section, only the order 
ot magnitude of tlie values given in Figs. 3 and 4 for this solvent is correct. 


** Mmdv^yri' Hughes, /or. nb,** j>p. 107 and ui. 
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One can see, however, that the a priori probability for the formation of 
a 17-ring in 30 per cent, isopropyl alcohol is not essentially diffeient from 
that for a / -ring. It is merely that the chain is very insoluble in tliis 
solvent. (Solubility in 30 per cent, ethyl alcohol is only 0*C)02 mol. /litre.) 
The energy differences between aqueous alcohol and the chain are 
essentially larger than witli or so that the ring position will be 
favoured. Corresponding to the 7-ring in water, the preparation of the 
1 7-ring in aqueous alcohol requires an anomalous energy of activation, 
which anomalous value is not met with in xylene solution. In the forma- 
tion of the 1 3-, and 14-rings in the same solvent, smaller probabilities 
of formation are encountered. This can be connect ed just as well with 
the higher solubility and therefore greater mobility of the chain a> with a 
steric hindrance of the reaction. 

Whilst a tran.sition from 30 to 10 per cent, alcohol in the preparation 
of the 0- and 7'ring5 results only in doubling the velocity of llie reaction, 
the formation of the 1 2 -ring in 10 per rent, aqueous alcolio! at 73"’ is 4 to 
5 times quicker than in 30 per cent, alcohol. This change corresponds 
roughly to the effect caused by a transition from lo per (I'ut. alcoliol 
to water in the fornuition of the 7-ring at 74 . Corrc-'pondingly the 
solubility of Cj, in 10 per cent, isopropyl alcohol is a> small as the 
solubility 01 m water (Table 111 .; Thus may 'summarise wliat is 
known : the soIul)ility goes parallel with the c .qjillary chemaad intlueiu'e 
of the solvents on the arrangement ot the molecule, and iherefore also 
on the reaction velocity. Tliis relation between the iiydrocarboii <'hain 
and the solvent is characterised l>\' X \‘aluc.s tlir same order of 
magnitude. It will be remembered that tlioe A value*' detcTinim* the 
energN* differences between the cylindrical and .spheric a! shaf)e ot one 
molecule in a capillary inactive sol\cnt. 'I'iie following table of i>o- 
capillary forces between chain and solvent e.in be drawn up : 

5. 6. u, 

A / loO 
ej« moltvalc. 

I,, nr<CHC»;NH, _ . ^ 

10 "'o i*opropl i*i< . ' 3D ’'o iv)propyl tih . *',> *k. 

Br ((H,}tNH; llnC H,S »NHi ^ 

'^airr. lo "o ii*optoj>> 1 u> «'*Dpiop>l ak. 


Methods and Results of Kinetic Analysis. 

Ihe .synthesis of the large eyclic imines in homogeneous solution is 
affec ted by a nunilx r ot secondary and side reactions, Beginning with 
the fact that every bimolef'ular reaction is dependent on concentration, 
whilst the ring closure rcriction is entirely independent of concentration, 
it was possii)le by kinetic analysis to work out the c onditions favoural)le 
for the synthesis. Witli a few grams of .starting material it was possil>le 
to obtain quantitative relationships and by combining tlie figures so 
obtained with the results of a few preparative experiments, the causes and 
extent of the disturbance.s r,ui Uv almost completely explained. The 
course of the analysis is a< follow.s i™- 
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*. I 

(I) Br.CH,.(CH.),.KH. -v ^ 


CH, : CH . . XH, HBr 

reaction with solvent. 

(lla) zUr . CH, . 

Br . CH, , . XH . CH,{CH 2 ), . NH,. Primary polyfnerUation. 

HBr 

i 1 *» 

(116) (CH,)„mNH -4 Br . CH, . (C H,)„XH, 


(CH,)„+,N’ . CH,(CH 5 !^XH 5 , Secondary polymerisation. 


(HI) H,X . (CH,)^( H, . Hr (OH.C H^X . . OH 4- HBr. 


- o.OQzs Mol lot. 
• 0 , 0050 . 

« O.OfO, 

- 0 , 019 . 


The rc.u tions (tf ^Toup (T: arc kinctuallv irK-ntical and ran only be 
separated by tlie of the rea< tion prad«jets. If group ( 11 ) 

represents the main reaction, the Loncentration ot the total amine groups, 
(primary, secondarv* and tertiary) remains approximately constant. 
<3nc obtains reactions of the first order, the vein* iry of v. Inch, in contrast 
to (1) is still 
dependent on i 

the con<‘entra* ^ A n a 

c X 0 /vol Ot. 

tron of broma- «, a 

miiu' {N„). h \ <;; '' 

is l)est thcretor<' • O.OfO. 

t(» use a simple \\\ ^ * 0 , 019 . 

graf)l)ic mefhmi, \ 'A 

to find out th.tt T 

< oncentration in sO' ^ \ \ 

which the re- , \ \\ 

ration velocity 5 Y , 

is independent *7 40 - \ 

oft he initial con- \ \ 

cent ration (. I,). ^ \ 

•■'K- 5 repre- *' \ 

jeents an ex- V \ 

ample of this 

type of the for* V 

mat ton velocity 7 /me m minutes 

of the i4-ring jol — ^ a . / . . >s. , 

sn aquec'us al- /oo 400 ooo $00 tooc /£oo moo 

cohol. In this Pn, 

case the dis- Solvent: 30 |Hrr cent, isopropyl alcobuL i as 73 4^. 
turliance (11) 

falls between .1^, u<X)25 mol. /litre and Aq ™ 0*005 nu>l. litre within the 

limits of experimental error. By changing the hydroxyl ion concentra- 
tion at this dilution th<^ part played by the hydrolysis ^ 111 ) can Ik* de- 
termined verv* accurately. Now' we still have to determine that part 
of the polymers whicli fall within the limits of experimental error of the 


Solvent : 


7 /me m minutks^ 

■■A i L. ,.L, ■■ ,i ,,.i 1 1 Aj 

TOO 400 900 500 fOOQ 

l ie.. 5. 

: 30 |Hrr cent, isoprnpyl alcobuL i 
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method. For the primary polymerisation w’c have 

dA/dT^ - . . . (i) 

From the known accuracy of measurement and the observed disturbance 
k2 is calculated. Since the reaction is observed by the increase of broino 
ion and not by the decrease of bromamine, only half of the di.sturbance 
which occurs in the expression (Ila) is measured. This is taken into con* 
sideration in tlie calculation of For the amount of inline (B) and poly- 
mers (D) formed, the following expressions hold : • 

dBidT^'-k^A . . . . ( 2 ) 

dD/dJ' — Atj.'I* . , . • (3) 

and substituting A:^/A^2 — we obtain from (j) and (2), 


and from (1) and (3) 




f±Jo 

/ 1“ A 


- lo - .-I -/ hi 


145 


For the sccondarv* polymcn.sation (11^) no such simple relations hold. 
Experience, however, shows tliat the disturbance can be sati>tact(inly 
calculated when the decrease of the imino group ( aused by polymerisa- 
tion is neglected. This is {>robably due to the fact that anotluT seronfiary 
reaction, namely 


(CH,)„N , (CHa)„ . XH, a, hr . - 


{(:H,),X • takes place 


If one Can therefore treat »is a disturbance, v.e have the f(dlo\Mng 

dB dT k^A - kj^AB . . . 7) 

and substituting in 57, A - A(, — />, wc obtain a turning-f»oint tor the 
condition 


If Ajj is: known, Ag can lu* calculated from (8). The nuistant A^ so (ieneed 
can be better obtained if some irnine is added initially and the disturbance 
thus increased. It i*-, however, not possible t(» determine the pro[)ortion 
of polymers at a definite dilution from Ajj and A'j. The following e«|uation 
holds good for tiie p(>lymers tormed liere, if we substitute : A3 1^. 

A - . 4 - A^. . . . {[)) 

The graphic solution, for (xperimental reasons, does not enter into tin* 
matter. On the other hand, an approximate solution is possilde, for 
which I have to thank Dr. V. Weisskopf. If Iljb occurs only as a di*^- 
turbanre, e(}uation (9) can be developed according to powers of e an<l then 
becomes 

B ^ 2x''2{A„ - A)g i- - [2g 4. (.<i„ _ A)] . . (,,) 
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The yields of monomers calculated with this formula is in good agree- 
ment with preparative experiments. The results of the kinetic analysis 
for one temperature are collected in Table VIII. 


TAHLK VIII. - 

-Solvent 

: 30 Per 

Cent. Isopropylalcohol ; t 

73•35^ 

H aU^tirna] k ylam ine. 

i 

, Ki&k 

*1 X 10* 

A, X 10* , 
Mm.-* ' 

Mol. L.-*. ! 

>. xo* 
Min.-* 

Mol. L.-*. 

Aji X 10* 
Mm.-* 
Mol. L 

Mol. L. -*. 


f ; 

1 s 


1 1 

~5(?) 

i '3 

i 

0 005 


1 • 

8 

2 1 

9 

1-8 

, 00025 

Br(CHPi,NH, 

14 ; 

7 


10 

1*7 ] 

0-0025 

Br(CHP|.NH, 

! 

4 

- ! 

>20 (?) 

1 i 

i 0-0005 

BrfCH.),NTi* 

y 

3 . to 

‘ - - { 

' 

I — 1 


BrK 

0 '^20,000 

, ; 


1 1 

1 i 

' X* 


Thr lar greater reactivity of the imincs in comparison with those of the 
hromaniines is sur[;ri>ing. Wherea.s the velocity of formation in the 
senes 17-, 15-, 14-, I2'ring'> diiiuni-^lics, the reactivity of the ring fonned 
prt*baMy incre.ises. this jnd tiie greater reactivity of the imines has a 
verc unplea^iiiU result in the pn*parari<nis, a> the ring formed subse- 
<^ucnllv ])oIynierises witli the niK'hanged starting material. Contrary to 
tlu' prini:ir\’ polynierisation, the srcondarv’ polymerisation causes only 
.t >fnall irurea>e in the <’onst.ints of the hrst order. Thus calculations 
in agreement witli the cxf)eriniental date, show that under conditions re- 
pr<‘s<-nied in Ftg. 5, at • o-cios, 40 |H*r cent, ami at Aq = 0*0025 
niol litre. 25 per cent of stnmiLiry polymers are formed, whilst the de- 
viation of tile first order reinain.- small. The limiting concentration given 
in Tabl^' NTH. is related to the ^econdan*’ fiolymerisation. At this con- 
< ent rat ion one observe^ 25 to 35 per cent, polymers at complete con- 
versnm. An essenli,d p.trr of the secondary polymers is formed between 
the limits of (x) and per cent, conversion, i>ur the weight of the kineti*" 
data Is only c on-idt rabl<“ between the limits of K» and 70 per cent, 
conversion. 

The me.isured c<»nstants therefore represent infinite dilution in spite 
or the tact that polymer" are fonned. By empirical preparative re- 
-^‘.irches, without kim'tic analysis of lht‘ course of the reaction this fiar- 
ti« ular re.oMivny ot tin- imim* group could not of course be demonstrated. 
Se< ‘>ml,uy ba^cs usually have a larger tlissociation constant titan primary' 
and teriiar>’. One might suspect a close rclatio!\ship between the 
strengt’a of the base and rea( lion velocity. 

riie hydrolysis constant A’y S 2 X corresp<»ads well with that 
ot the m<ne reactive ethyl bromide \kji — 7 X 10“*^) at this temperature 
The preparation*^ were therefore earned out at a ver\' low eoncentratnui 
ot alkali. In accoidance with the measured constants only 5 to 
10 per cent, ot the amino alcohol HO . CHj . w*i5 to Ive ex- 

pected as a by-proiiiut. The preparative tesU, however, in the case 
of the 17-ring gave 15 to 20 per cent., in the 15- and i4-nngs, 20 to 40 
per cent , and in the I2*ring 60 to 70 per cent, oxainine as “ by-product.’' 
These deviations from tl>e calculated yields are far Ix'yoiui the limits oi 
the experimental error of the method. A part of the examine must be 
formcil not by hydiolysis but by a side reaction of the fir*ii order. This 

HinshrhvtxHl and Grant, /. Chem. Slk . un^ 

6 • 
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type of reaction mechanism has recently been recognised for tertiarv 
halogen alkyls, but on the other hand not for primary’ linked halogens.^'* 
For the halogenated amines the very unexpected course of the reaction 
becomes clear if the inlluence of the amino group on the ionisation proco? 
is taken into account : 


^CHa-Br 

/ 

^XHs- OH 


/ 

/ 

\ 

\ 

\ 




{CIL\ 




H, . OH 


\v 


N’HjOH 


The oxamine is formed as a result of the steric hindrance which is cau'^ed 
both bv molecular structure and the hydration ot the ainitio grou[) 
Since the oxamine is probably essentially less reactive than th<* rmg 
formed, it polymerises to a lesser extent. Aceordinglv bv tlu‘ determina- 
tion of yields the actual ratios are ref)resentt‘d le^s favoiirabK . 

Neverthele>s it cannot be doubted that tlie amino alcohol Oi cur- as 
a result of reactions of tlie first order. The side n-action (»t cour-e makr^ 
any conclusions from the temperature function more difhcult to drav> 
It was, however, shown in the previou.' part how (do>eIy ndaied the capil- 
lary activity of the solvent and the reaction \'elociry are f<‘r the 12-rinL, 
If therefore instead of the ring, oxyamine is fonneil, thc‘ <|ua]itative con 
elusions are not afTectt‘d. The primary process of the ihninal (lc< om 
position is, however, ( onnected with the formation oi a ring po>ition. 


Ring Closure and Polymerisation. 

The ([uestion now arises, when can polymerisation take place at all r 
For the limiting c<;ncent ration c, in which ring formation tlie main 
reaction, the following equation hoFF approximately 



If El h2f then in (i) r ~ <)-i < Jf the values far Z are tho,-.c 
demanded by the tlieory then 

, ‘-4. ---Of V JO . . 

The meaning of (2) is tluit polymerisation can only take place in im;iginary 
10 molar concentration. In otluT words, the ring formation read ion i*- 
favoured even in systems of very high conetmt ration. This n‘sults from 
the fact that for monomole* ular reactions the velocity depends on atomic 
vibrations but bimolecular reaction.s on the mucli slower movement.s 
of molccule.s. Thu> 5- and 0-meinl>cred*ring systems are formed in good 
yields in concentrated .solution. On tlie other hand, the ft^rmation of 
3» and 7-membered-rings in water takes place with an activation energv 
which is essentially greater than in bimolecular reactions. Accordingly 
the limiting concentration r become^ dependent on temperatun*. The 

Hughes and Ingold, /. Chtm. Soc., 1935. ^44. Hughes, tbtd., ^55. 
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3*nng has such a favourable Z value (Fig. 3) that at 37® it is formed 
even in 0*2 molar solution. The Z value of the 7'ring is also favourable, 
but is already 50 times smaller and this suffices to reduce the limiting 
concentration to 0‘(X.>5 mol. /lit re, somewhat higher concentrations can 
be used for tJie synthesis of the 7-ring in aqueous alcohol. The velocity 
of formation of tlie 17-ring in this solvent is only 20 times smaller (Table 8) 
and the limiting concentration is therefore of the .same order of magnitude. 
Thus the s[>ecds of reaction and limiting concentrations go through a 
niinirnurn In'tween tlur 7- and the 17-ring. 

TABLE IX. -I'ORMATioN* 01 the 1 4 -King at 73-35^ C' 


Solvent. 

k- 1 

* 4 . 

; c for ki. 

c for 

30 per tent. 4,sr>propvl . 


<>•<>15 

1 0-005 

0-002 5 



0-004 

1 0-0000.1 

; 


rh< t ircuni'^tauta*-; in r-piU.irv .ictiw* solvent^' are (juite ditt<Tent. 
Whilst nt 7 .> ’ formation of the 7-ring in toluene is 8u times 

-inallfT tliari in 30 per rent, alcohol, it f.ills with the 14-ring to 8oc> times 
less ,'^ince the bimolrenlar reetious m both solvents proceed with 
-imilar velocith‘s vifh different temperature C(Kfhcients), for 

tlie ^yn^hesl- di tlic 14-nng in toluene extreme dilution must !»c employed. 
Iitdepend< nt Iv ot the ta<ts nn*ntiune<i alcove. Table IX. shows clcarlv 
tiuit ihete a spCiipc ieUUiimship hcthccti solvent and reaction velocity. 
i*he -yntlasH ot tin* I4'rmg in tolueia proceeds at 73" the extent 
of 00 p'T ‘ ent 111 ten ye,-.r-. ,ind at liS in one year. Now \ve hc.ve at 
our di-^po-al no nu tiuKl ot separating tiie starting maten.ii irom the final 
pr<»dn< t. tln rekire it i> impossjlde to prove that tht' ring is formed under 
Ma* conditions given in 'Fabh IX. l>ut for inir comdusions tlu* '»nly 
inqiortant ia( t is the very sinall \t'je»city ol the reaction (independent ot 
com ('ntratiorii, ^s Im h c.oises the rneasurahlc cii.inges in the order of 
magnitude of tlu* limiting i oucentration. If instead of the ring, an i-o- 
mcnc compound is formed or it the ring is subsequently rcsinified, it does 
mU m tlie slightest .titer the tact that the velociiv of the monomeric 
n-.M tion Is intiuenred 20‘> tunes more by the solvent than is the poly- 
merisation reaction. On account of the exponential form of the tem- 
perature lunciion the diffeienees in velocity between iodine and l>romme 
denvaiivis m higli temperatures are small, Ixnng in the ratio of about 
8: 1. Fonst‘(|uentl>, the ring closures in xylene with the iodo amines 
proceed also too slowly to afft^rd any proof of preparation. 

In addition to |)olymensati<m and the monomolccular reaction even 
reaction with the solvent <Mn disturb the ring formation. In absolute 
alcohol, ftir example, the speed of etherification is of a similar order ot 
magnitude to the speed of ring closure. Nitrobenzene wa.s an exception- 
ally suitable solvent, except that it contained an active impurity (nitro- 
phenol ?). By working in very dilute solution an impurity in the solvent 
amounting to one millimole per litre is sufficient to disturb the speed of 
the ring closure. On the otlicr hand the formation of the b ring in the 
same solvent prot'ceds so quickly and at so low a temperature that tiie 
irnpuritie.H are absolutely inactive. On the same grounds the subsequent 
resinification of tlic large imincs plays an appreciable role. If Ziegler’s 



172 KINETICS OF RING-FORMATION AND POLYMERISATION 


method of dilution and reactions of long duration are anomalous in the 
practice of organic chemistry, the use of these methods resulted in en- 
tirely unexpected sources of error. 


Strained Ring Systems. 


Whilst the normal and higher membered rings winch have been already 
referred to are stable to the halogen acids in dilute solution, the 3- and 
4-membercd rings imines are converted to the halogenated amines. The 
corresponding ring closure reactions, however, proceed to completion in 
alkaline solution, where the concentration of hydrogen ion remains small. 
In place of the equilibrium therefore, we have in alkaline solution a sta^ 
tionar\’ condition. If on the other hand we have bromoethylamine in 
benzene, the following equilibrium is set up : 


CHjj—CHo CHs CHj 

I I \/ 

Br NH, NH . HBr 


But instead of being as simple as this, ver\^ complicated proces.se.s take 
place. One sees from previous measurements that the equilibrium lies 
chielly on the side of the bromoethylamine, which, however, is slowly 
removed from the equilibrium system by a slow primary polymerisation. 
This is ver>' probably what occurs. 

The breakdown of the ring .systems is ver>’ strongly exothermic 


CHj . Clf.. 

\/ 

NH 

HBr 

CIL. ( Hj 

1 * 1 


water 

1 I 

Br NIL 


C.Hs.CH f.H* 

x/ 

MI 

HCl 

1 

CHj 

water 

I 

n 

1 

XHj 


(I) 


In aqueous solution one finds in reaction (l) 3 K-( al., and in (2) 10 K*('al. 
les.- activation energ>^ than is demanded by the ring dt^sure reaction. 
Styrolimine is re<irrangcd instantaneously in toluene solution even at 
— 5(>^ by IKd gas, so that this reaction requires only a ver\' small energy 
of activation. 

The forntalion of -trained rings is thii.s, in contradiction to all other 
ring clo'^ures above, dependent on the />j| cd the reaction mixture, so 
that It is not remarkable tliat the influence of alcohol on the reaction 
velocity in aqueous ale oliol i> large. This is in opposition to the Langmuir 
theor>’. In the 3- and 4'OU‘mhered carbon ( bains there can be no differ- 
ence in energy between the < hain pc»sition and the ring position exceeding 
kT. But it depends here more on the spatial parking of the molecular 
compound which results. Tliis compound, once formed in a capillary 
inactive solvent has prob;tl>ly ,i greater stability than in organic solvents. 

For the preparation of strained rings an additional energy of activa- 
tion is necessary (big. 4j. The differences are, however, le.ss than wouiri 
be expected on the ground oi the energy content (heat of combustion 
of ( yclo-butane and t‘yclo-prof)ane), and the small stability of llic ring 
systems. Tiie reaction is made les.'* rlifFicult by the halogen group in the 
jS or y position to the amino group. 

As already explained, the large a prim probability of the formation 
of the depends on the resonant action of the three atomic groups, 
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and also perhaps on the favourable spatial packing in water. It is as- 
tonishing that the a priori probability is at a minimum with the 4-ring, 
but this is probably due to the smaller resonance, higher mobility of the 
chain and deviation of the valencies. Perhaps, however, something els<‘ 
is decisive. The rc'-earches on the Raman spectra of various butane 
derivatives shows that of the tw’o pos.sible forms the “ zig-zag ” form 
occurs much of tenor than the “ Wanne form. Since it is thi^ latter 
which is converted into the ring, it is (he limitation of the free rotntion 
of the chain determines tlie velocity of the reaction. 


Comparisons with Other Ring Closure Reactions. 

Bennett and co-workers investigated a similar ionogenic reaction 
K . S . (CH2 'hC 1 (R . S . and Table X. shows how closely 

L ! 

related both ring closures are. 

TABLE X. 


Kf4Cli<m. 


Cl S C,Ib 

fc'.u. .s- (CH.u ^cr 

— tcil,), > NH . HCl 



Rjn« 


W 

50 cent. Acetum* ! 

5 

i.V 4 

1 l-f> 

i 

i> 

23.9 

ICO 

\Vater 

5 

j » 9-4 

1 J 


0 

i 20 Q 

1 IIM 

30 per cent. 
/.>'>propyl alcohol ' 


! I 9 -S 

i 

1 IO-2 

1 


d'ht; follcwving reaction w'a> f\irther developed by Ziegler to the pre 
paralion of an tmnu* <lcnvative : 

ril, . . SO. N(Na; . (( lU)eBr 

CH., . C<jH 4 . SO. . X . “T N^’^Br. 


Preparative expenments have alreatly shown that the reaction requires 
a large energy of activation. The synthesis of the 7-ring was accom- 
plished as with the bromaniincs, at a dilution of the order of magnitude 
O’OI mol. /litre. 

Ziegler's .‘>\’n thesis of llic ketoimides i*^ of an essentially different 
character ; only the ring closure phase i> giNcn here : 


CH . c: : N 

/ A 

\ 

C : N 


<, H . CN 


CH, 


iCH,). 


\ 


sapoQU&cation 


(CM,). 


\ 


C : NA(H) 
A is alkali metal. 


CO 


“ Kohlrausch, /or. cH. 

’♦Bennett, Heathcote, Mosses, J.C.S , 19J9. J507, 
’♦Ztegler and Orth. J9#r. 1933. >867. 
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The corresponding bimolecular reaction has between 25® and 36® 
a perceptible temperature coefficient. The energy of activation therefore 
must be at least lO K-Cal. For the preparation of the l/^ring in boiling 
ether, a half-change period of the order of .seconds or minutes wa.s neces- 
sarv, and the corresponding half-change period for the preparation of the 
I7*ring from tlie bromamine under the same conditions would be 10^ 
hours. This extreme difference depends not only on a greater activation 
energy for imine preparation, but also on the more favourable steric 
factor^ in the ketirnide reaction. Whilst the ionogenic reaction in or- 
ganic solvents proceeds slowly, this i.s obviously not the case in the ke- 
timide synthesi.^. One can therefore expect that the bimolecular ke- 
timide reaction proceeds with the v'elocity given by the collisicjii th(*or\' 
The kctimide is subsequently saponified to the ketone. Since the n - 
action products obtained here are unreactive, it is only by e^tinlation ot 
vields that conclusions may be drawn. 

The large held of reversible ring closure reactions opened up by the 
method of depolymerisatiun developed by C'a rot hers,’*** According to 
Carothers •’*** the classical ketone .synthesis of Ruzicka from the thorium 
salts of the dicarboxylic acids is due in part to a depolymerisation process. 
According to Langmuir long-chain molecules assunu' in the vapour phase 
the spherical 01 ring form, and this circumstance would contribute cs.-rcnti- 
ally to the succes> of such reactions. Ziegler**^ had neglectetl tlie ap- 
plication of the dilution principle to reversible reactions. It i^ easy to 
understand how in the dilute systems reversible reactions would be 
accompanied by side and secondary reactions. These circumstam e^ 
accidentally prove to be very important in the preparation of m*iny- 
membered lactones.*^ The synthesis of these important perfumes wa^^ 
accomplished by Ziegler’s method. In dilute benzene solution, the 
equilibrium is continually disturbed 

Benzenc.sulphonic acid 

H2)„ ^ ' 1 1*2^'^ 

\( OOH Benzenesulphonic acid 

by distilling off the water formed. Kinelically, the sy.stem is undefined 
since the process which defines the reaction velocity cannot be isol.ited, 
and ( oncliisions drawn from yields or combinations of yields amJ kinetic 
measurement- are also difficult to explain. Polymerisation by “ Re- 
esterification ” may occur tlius ; 

2 La<t(Mu* ; ^ Polymer. 

Generally, one would not turn to the discussion of molecular .statistics 
for catalytic reactions. In the first place n three-body collision w'ith the 
catalyst is necessaiy' and the shape of tlie molecule is then undetenninate. 
Esterification in moist organic solvents appears to he bound up with 
the fulfilment of an acidity condition wdiich corresponds to pfi in aqueou- 
solutions. We have at our di-f)osal, then, only two ty'pes fif reac tion 
w'hich will allow' us to <ittenq>t to solve the polymerisation problem 
statistically: ionogenic reactions and the kctimide synthesis. 

K, Ziegler and R. .Aurnhammer, Ann., 1934, 4 .i- 

/. Am. Ckem, Sm.. last part, 1935, O-SO- 

Carothers and tiill, J . Am. Chem. Soc., 1933, 5043, 

1933. 504, 04. 

M. Stoll and A. Rome, Helv., 1934. * 7 * 
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During the last ten years there has been no lack of attempts to explain 
thermodynamically the “ catalytic ’* influence of solvents on reaction 
velocity. Above all, the Van*t Hoff-Dimroth theory should be remem- 
bered. According to these uorkcTs there should be a relationship 
between solubility, chemical c(]ailibrium and reaction velocity. For 
ionogenic reactions, therefore, this explanation is insufficient as the 
dielectric constant of the medium is important. In inter- and intra- 
molecular reactions, hoN^ever, it appears that, in addition to the dielectric 


constant, the spatial packing of the complex R . H 2 N Br . CH 2 . R de- 

j solvent I 


1 ermines tlie velocity. Tlic ideas are •similar to the old Van’t HofT theor\’, 
ex« ept that instead of the maiTo^co[)i(' »‘»juilibrium, the microscopic inter- 
mediarx' ('oa.sklenMl. A.s long a^ we (1(» not succeed in realising ovcr>’ 
typical ( hemical force which -olability 'Mn exert tluTe is little hope of 
“m ce.-s m finding a quantitativt* relation between reaction velocity and 
'^(dubilii y. 

In the special caM- the ring closure reactions wc have moreover the 
« implicated reaction mechanisms, simple relationships between capillary 
aetivity of solvent, shape of molerule>, and speed of reaction. 

I should like to tak^ this opportunity of thanking Professor ll. 
I'reundhcli for his warm interest in this investigation «ind Professor L. 
Kuzicka for the In^spitality (»f his l.iboratory. Mv special thanJes are 
due to the co-\^orker> of Prafe'-si»r Ruzicka for their frequent and friendly 
.aivice whicli iias sm faiilitated the t'Xecution of this work. I thank 
Mr I. D. Rose for trvinslatmg the maa\i^< ript. 

( hf;antSi h iMboraiorium, 

/litig Techni,schat I lochs chute. 

Zurich, 

CI:,\ERAL DISCUSSIOX, 

Profcfii»or R. Signer [fit? ft] s«iid . In order to delennine the form of 
nbre moletules in solution there are nowadays vi.sc'osity measurements, the 
determination of double refraction of flow and other meth(Kls available, 
d'he kinetic measurements td Salonum provide a criterion of the must 
probable form of th(‘ molecule of tenmnally halogeiiated amines. These 
molr<. ulrs have two terimnal groups with strong dijH»le moments, which 
will mflurmve the <h.stribulinn of the molecular fomi in siilution. W ith 
regartl to tin* first-named metht»ds, onv is leil to ask whether from his 
kinetic mi\i.Mireinents S.dcunou is m a jKwition to say S(»methmg as to the 
ino.’^t probable form of tfie normal hydrocarlxin molecule in organic solvents 
such as Inuizene, carbon, tetrachloride, etc 

Mr. W. F. K. Wynne Jonea {Reading) said . According ti) the results 
presented in fable 1 ., nng-closure reactions involving halt>gen alkvlanunes 
pn Hx*ed at a normal rate in water, hut at a rate which is alxnit 10* times 
tfM,» slow in non-aquetni-s solvents, fhe theory of the activated vxiinplex 
predu t.s a m»rmal ratt* wlu'rever the activated sUite clostdy resembles the 
original .state <»( the reacting molecules. For reactions of the tyjx* con- 
sidertxl here, the theory therefore indicates that in water the reacting 
mohxules are strongly |xilar ami curled up in a ring form, since* it is most 
probable that in the activated state ring formation is practically complete 
and the hyilrogcn and hah<le ions arc in the act of leaving the evunplex. 



176 KINETICS OF RING*-FORMATION AND POLYMERISATION 

In non-aqueous solvents the difference between the activated and normal 
states is evidently great, and this suggests that the normal state is much 
less polar than in water ; such a change in polarity is well known in the 
amino-acids. Of course, any interpretation of the data in terms of a 
specific mechanism is dependent not only upon the reliability of the data, 
but also upon the assumption that the observed reaction behaves in a 
simple manner kinetically, but with these reser\'ations the theory of the 
activated complex enables us to draw conclusions from rate measurements. 

Dr. E. A. Moelwyn-Hughes (Cambridge) said ; As Dr. Salomon has 
observed, there is a striking parallelism betwe^en the kinetics of the forma- 
tion of pij>eridine hydrochloride and those of the formation of t<'traeth>'l 
ammonium chloride in their resjxmse to different solvents (Table It 

therefore seems that the adoption, at least provisionally, of the Wigner 
and Polanyi figure of lo** seconds-', or of the exact Raman frequency of 
the breaking bond, enables us to classify unimolecular behaviour in roughh* 
the same way as the adoption of the gas-kinetic figure of 
seconds-' (gram- moles per litre)-' enables us to classify binu^lecuiar 
behaviour. The parallelism reveale<l in the table is. however, quite 
independent of the value of r>r of which we accept as a kind of 

standard, and suggests that, of the various fact(»rs which are included 
comprehensively in the term P, at least c»ne important factor is common to 
both sets of experiments. Another factor of possible significance for ihtse 
reactions has been recently discusse<l.** 

With regard to Professor Ziegler's work f)n the uniiui of tw<^ tnphenyl- 
methyl radicals, I do not think it ls fair, until we have data for the n action 
in the gaseous phase*, to conclude that this reiiction is slowed down bv 
the solvent. 

I have been fascinated by Dr. Salomon's ingenious metlaxi id calcu- 
lating the statistical distribution of the v'arious geometric fonns (.d chain- 
like compounds in solution with the surface energies in\'olved, and by his 
suggestion that such a distribution may contribute yet another factor to 
the complicated term P. As far as the reactions discussed here are con- 
cerned. it is difficult to gauge the amount <d truth contained in the sugges- 
tion ; but the mcth(Kl of attack is a novel and interesting one, and should 
yield further results of groat value. If, in the present case, the mechani'^m 
is a relevant one. it apj>ears to me that the form of the velocity c<mstani 
concentration curve should throw some light on the problem. Provuted 

one geonu'tnc 
c on figuration 
were chemically 
more reacii\e 
tiraii a not hr r, 
the form of the 
curve ought to 
bt! very seii.silive 
to the magni- 
tude of inter- 
faciai energy, A. 

I shoukl there- 
fore like to ask 
Dr, Salomon 
what the 
experimental 
range in which 
it is true to ^ay 

Professor H. Mark (Wien) said: Ihe measurements of Dr. Salomon 
seem to show that in the case also of ring fonnation in solution, an effect 
takes place analogous with that in the case of polymerisation and association 

Moelwyn-Hughes and Sherman, Tram, Chem, Soc., in press, 1935, 
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of large molecules. The steric factors are not at all of the size which one 
would expect and may l>e compensated by another, as yet unknown, effect. 
One could think that, in some analogy to \'olmer's ideas on crystal grovv'th, 
and to the di.scussion which took place after my paper, the ends of a long 
chain do not diffuse in space at random until they approach one another, 
as shown in Fig. la, but that they are brought in contact by the internal 
van dcr Waals' f<.)rces, which bend the long molecules (Fig. ib). The latter 
form of the molecule would have stjme analogy with the fact that large 
rings are built up of paralhd chains, as shown in Fig. ic. 

Dr. G* Salomon {Zurich], in reply, said : I agree perfectly uitb Mr. 
Wynne- Jones. The change of the rate of reaction in various solvents 
must Ix:* >ery closely connected with the properties and the life-time of 
the preformed molecular conux^und. I'or the first time we observe a 
reaction with the " normal " rate in water and a “ sloar ” rate in organic 
solvents. According to Eynng wr may assume that the mechanism of 
reaction is connected with a restriction condition, when the rate of re- 
action should slow. This efiect may \x^ inhibited by a longer lifetime 
of the unactivtit<*d complex. It is v»*ry probable that, having regard to 
the strong dijxilc lf)rces in water, the intramolecular compound foniied 
IS stable and the regetuTation of the ojK*n chain requires a small activation 
t'liergy, Another argument for thi> opinion results further from this 
investigation In addition to ring formation a new kind of monomolecular 
hydrolysis ajijMMrs as a side n'lution This can only be understorxl if the 
hydrated sheath.s are very stnmgly Ixnind to the complex. Nevertheless 
the change of electrostatu* forces in thi.s “ ionogenic ” reaction cannot be 
the sole rcastm of the slow rate tn organic solvents. The recombination 
of tnphenyl inelhvl radicals to hexaphenyl ethane l)elongs also to this 
tyjK* I outlined m this pajxT that there may lx* a connection betw'een 
the spatial packing of the complex and the life }>erKKi. Polanyi and E\’ans 
have recently drawn \'ery similar conclusions, using the transition state 
raetlKxi. It IS ditlicult, however, to understand that two so different 
reactions as ra^bcal ass^xuation and " ionogenic ” reaction are restricted 
for the same reason. It may U jx^ssible that the same retarding etfect 
billows from two very ditferent causes. 1 Ixdieve that the kinetic test of 
a normal bimolecular amino condensation, fur example, 

11 U c H, ( \ . H,N K- U CH, FH,-- NH . HCl 

R 

will .show that thest: " sU>\v ’* reaction.^ also become normal ' in water 
as solvent. 

With Pr. M(H'lwyn-Hughes I Ixdieve it is right to lx* on the kxjk out 
not only for “ slow^ " but alsu fur t<x> fast reactions. Hut the hydrolysis 
hr mentions in tht‘ discu.ssion of J'reudcnlKTg s pa[>er (page 75^ is a much 
muri* compluated case than the v>ne we are dealing with. As there are a 
senes of dilferenl reactions of this type the temperature independent factor 
of whudi agrees well with l\danyi and Wigner's theory, there is no reason 
to neglect Ihi.s idea as startingqx>int. It may nevertheless hap|>en that by 
the indication of certain inner dvi^revs of freedom the order of the Z-\*alue 
increases and there may also Ih' a small ditierence in the Z-vahie oi the 
chloro-, bromo an<l lodo-iunmes of the same chain according to the very 
different atomic weight of the halogen atoms. 

M<H*lwyn-Hughes questions whether the gteoraetneal equilibrium 

1^1 ng jx>sttiou chain position 

IS not influenced by the concentration c* the starting material. This 
certainly is right in concentrated solutions but not in dilution of o*2-o\>ooo2 
mol. /I. which are usxmI lor the kinetic cxj>erimcnts. Since large amounts 

luirmiay 1935, 31, i<75. 
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of solute change the character of the solvent, the interpretation of ex]>eri- 
ments in high concentrations is ambiguous. 

Professor Katz' gave some interesting results though they are not 
directly connected with our problem. Even the knowledge of the shaj)c of 
molecules in a pure liquid does not permit us to draw conclusions as to the 
shape of the same molecule dissolved in another liquid. 

The problems discusseti by IVofessor Signer are connected with the 
question : which is the most probable form of a chain molecule. The 
kinetic results give data only as to the relative and absolute probability 
of one shape of the molecule, namely the closed form. Thus, it is possible 
to say that e\ en the hve-merabered chain is alK)iit 10-30 times more seldom 
formed closed m water than would he expected on purely statistical grounds. 
We are sure, moreo\er, that a r7-membered chain in organic solvents is 
about 10* times more seldom closed than is the 5-membered chain. If there 
is. howexer, a certain internal movement it seems to me, according to 
Kuhn's aiul Mark's calculations. imjxissibJe that the chain is really straight. 


THE KINETICS OF POLYMERISATION 
REACTIONS. 

Py C. E. 11. Pawn. 

Received 4th September, 1035 - 

It ha.s long been recognised that the formation of a polymer of higii 
molecular weight is a composite process, determined by a set of ronservi- 
live reactions. 8^ome recent studies indicate that this process occur" 
via the successive addition of simple molecules to the growing comjdex. 
In these cases the total reaction process probably comprises a set of 
simple bimolecular association reactions between comjilcx molccuhv. 
It is with this type of process that this paper is concerned. 

The velocity constant of a bimolecular association reaction may be 
represented in the form 

k^-pZe^-^ . (I) 

where Z is the total number of collisions between reacting molecules 
and p is a factor wliich takes into account the fact that not all colli'^ion" 
with the required energy lea<] to reaction. Thi> tactor is of especial 
interest ^ince it broadly divides bimolecular reactions into two classes, 
(l) in wiiich the factor p approaches the value of tmity, Jind (2) in which 
p ha.^ a small value of the carder of 10 ^ tf) I 0 “^. It has been pointed out 
by Hin-helwood and tirant.^ that reaction-^ in which one of the reacting 
molecules is an ioii l^elong to the lir^t tlas" The same is also true for 
bimoh'cular reactions of atonw. In the second group are inc!udt‘d 
certain bimolecular r(*af:tions betwet'ii iarg<* molecules (** slow' nMctions 
for example, processes in whi'h t^Ttiay nitrogen nioh‘ruI<‘s form 
quaternary compounds with org.mic halides, * the retornbinatiun of free 
radicals ^ and polymeristition/ <ind hydrogenation n*actions.** < iencr- 
ally it may be stated tiiat as^KuaticHi reactions involving mole* uh^^ 
having a large nuiTil)er of degree.-^ of freedom have small steric fa* tors. 

’ Grant and Hinshelwr>od, /. Chrm. Soi., 1033. 

® Moelwyn-Hnghes, Kuietiis of Soltihon, Oxford 10 5 p 

3 Zeigler, Ann., igiq, 473, 103 , 504, 1^4. 145. 

< I'ease. J. Am, them. S^c . 1*^0, 52, i ; 53, 01 3. 

^ Ibid,, 193 -^, 54 » 
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Ii is obvious therefore that this factor will play an important part in 
any kinetic considerations of a composite polymerisation process. It 
has been shown in a previous paper,® that the application of the transi- 
tion state method,’ for the calruhition of reaction velocities, to associa- 
tion reactions leads to a simple interpretation of the steric factor. It 
is only necessary, therefore, to ^ive a short account of these calculations. 
Acrordiiif^ to the method of Kyring and Evans and Polanyi ’ the reaction 
velocity may be represented by 

reaction velocily \Pv 

where P i> the probability of lite transition state and v is the average 
velocity of tlie represent at ivt- p(iini at the top of the barrier, along 
the reaction co-ordinate /. rhi- may be shown to be equal to \K . v 
where A is the equilibrium <.ou-tani i)ctw'een the initial and the transitioi'. 
sti'tte Now' l)oth A and v m.ty be calculated by the method of statistical 
me<'hanii'< together witli a knowledge <if tlie potential energy surface 
wbcJi represents tile ('our'-e of the reaction. 

'Fbu'- in the geiuTal ca?e of a rea(tif>ii 


A ^ B i;? A . . n AH 

IrtstiiU I mals^late 


w hen^ A .intl H are c(*mf)le-\ inolr-cuie." K may be calculated from the 
j»jrtiti'in tiinction^ of tlie molecules 


A 


^ n 


\vher<‘ A the ditfcrcma- in (riergy Inn ween the initial and the transition 
st.ite. The av(‘rage Velocity a>>in,iated with the p.issagc of the svstem 

acr<^^- the transition >tate where m* is the reduced mass 

}* 

ot xhr transition complex, so that the reaction velocity constant /jj is 
equal to 




M ■ • n 
/n 


ivvtr 

27nfPk I d 


(2) 


H% t. omp. oa^un witii equation (l) it is seen that the first tern in the 
ab(»ve exprev-icui now replaces * the factor pZ. if this expression could 
be separated in the ( orreef wav it would be pos^ib!e to obtain the absolute 
values of p and However, thi'^ ret]uircs some assumptions :is to the 
detaili<i nuc h.unsm. of the reaction, and for the present the approximate 
magnitude ot p mav in* o!>tained by eomparison of the calculated t actor 
witlj Z a> ohvtained by the ordinary kinetic theory method Before 
We give the results oi these calculations, further considerations wall 
>ho\v clearly the origin <‘f the steric factor, U the expression analogous 
to (2) ts written down for a similar reaction between atoms, a com- 
parison of the probability factor for the transition stale in these two 
lases sliows ininiediately liiat fur complex molecules the [)rol>ahility is 
very much deert ased This decre;ised probability appears in the kinetic 
expres'^ion for the reaction of tlie complex molecules as a steric factor. 


/ raiu. Putiuiay .S h 3** 

‘ Kynng.y. i hnn. f*hy<n >, 193,5.3. *<>7. Evans and Tolanvh 7'raft>. Fa?Miity 
X935. 31, S75. 

♦ This IS not exact since a small terra will have to lie included to allow tor the 
fact that ii'n m equation and E in ti) mve defined differently (see ref. 7). 
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It may now be hseen, by tracing the change in the degrees of freedom 
which occur, how the reduced probability in the reactions of complex 
molecules arises. In the association reaction of atoms two degrees of 
translation in the initial state pass over to two degrees of rotation in 
the transition state. This roughly corresponds to the collision diameter 
in the kinetic theory picture. In the case of the reaction between 
complex molecules, e.g., the association of two radicals, two degrees 
of freedom of translation and three of rotation go to five degrees of 
vibration in the transition state. The steric factor can now be correlatefl 
with the change from rotational to vibrational degrees of freedom. 

Calculation of the Steric Factor for some Association 

Reactions. 

The equilibrium constant of an association reaction may hr written 
in the form 

[V) 

kti 

where Aunt Am are the velocity con>tant- for the f(‘rwan] a.nd 

reverse reactions respectively. Il the uniino|< f ular part ot the re- 
action involves no steric factor, then the full magnitude of the strri ' 
factor of the bimolccular reaction will mak:- its appearance in tie^ 
equilibrium constant. The former assumption will })c generally true 
since the configuration of the transition stat(‘ ot the uninudecular re- 
action will be very similar to that of the initial <tat<- ^ - it will probaldy 
differ only in one co-ordinate along w'hich decamipositifni is fxa urring. 

The following tabic gives the steric factors of simple reaction^ 

calculated by use of (3). The equilibrium constant w'as determined 
from the partition functions of the molecules.® The value of p was 
obtained by comparing Am calculated from (3; (it being assumed thit 

TABLE I. 


Kcaction. ' Ttroperaturr X'. X 


CH3 - I CH,I 

600 

!•<} ‘ lO-** 

1 

CH3 -t CH, - (:,n. . 

1500 

"■ 4 .} ’ «f>-* 

u >-4 _ 

CHa -r COCH, n;; CH.C tXTU 

1500 

->•75 io-«* 

8 io-» 

CH3 -e CjH, - . 

8<K) 

<ro *; io“^ 

jf>~* 10-* 



Log /Cp (atm.). 


i;: 2N0, . i 

1 

] 

- 

X 

- .Hit 

2 y. 10-^ 

C,H, , U, ■» 


^1244 

2'3ie/ ^ 

1 X lo"* 

C,H, + H,0 ■■ 


6-20 

2*3 HI 

1*4 io-< 


*This assumption w'as employed by l*olanyi and Wigncr {Z, phy$%k, Ckem , 
Haber Band, 1928, 439) in their derivation of the w'ell-known relationship 
Anal = 

» C/. ref. 6 for details of these calculations. 

Pease, y. Amer, Chem. Soc., 1932. 54, 187O. 

Stanley, Yould and Dymock, J. Sac. Chem. Ind„ T., 1934. S3» ^*<>6. 
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A'uni — where no experimental determination was available) 

wiili the corresponding value of the collision theory. The last three 
results in Table I. were calculated from the experimentally determined 
temperature dependence of the equilibrium constant. It can be seen 
from these results that association reactions between molecules involving 
a large number of degrees of freedom have small steric factors, whereas 
witli reactions involving atoms the steric factor tends to unity. These 
conclusions are strongly supported by experimental measurements of 
the rates of such reactions. (Table H.) 


TABLE II. 


k function. 

B, 

t^og k f{ 

E. 

P («oo« C.). 

H. - c-.n. - C.H. ■“ . 

, - £ 2 3 BT). 

! _ 

35.700 

4 '5 >: io“=» 

. C.H, >' 

10-85 

38.400 

4 lo-"* 

H, - CH CH, — ( ,H„ , 

10-2 

(40.300) 

38.000 

(3 V |o-> 

l V f<J~® 

iCH, CH CH , CH, . < ■' 

; 100 

38,000 

5 io-‘ 

Amvlfiif . 

; 9 ^^ 

38,000 

4 to-* 

CH, 

C CH,-.C.H,. >• . 

1 

43.000 

I :< ro-‘ 

1 H j 

.;CH; CM~CH CH, - C,H„ '> 

j 

1 

[ 

-^5.300 

0 

X 

.CH, 

-‘-H, -C-f ■* 

1 

28,900 

I'Q X 

'CH CH, 

i 

j 




Before extending the application of these ideas to complex poly- 
merisations the theoretical conclusion.s may be summarised as follows : 

(r. On account of the decreased probability of the transition stale 
bimolecular association reactions between complex molecules will have 
a much smaller steric factor than the corresponding reaction in vhich 
one or both of the reaction partners is an atom. In the latter case the 
value of the ^tcric factor tends uniry. 

iJ) The stcnc factor will for a .serie.s of similar reactions decre<isc 
a- the number of dcgn cs of freedom of the associating molecules increase 
(3) In comparing dissimilar reactions account must also be taken of 
the configuration ol the transition state. The transition state may be 
t onsidered as a potential hollow of 3*V — 7 dimeu.sions ;uKi the volume 
ot phase space corr* spending to it will be determined by the restriction 
of position placed upon the molecules in the VriXnsition state. Since 
this phase volume is proportional to the probability of the state any in- 
creased re^striction of position wdll decrease the probability and thus 
the steric factor. Thus the third conclusion may be stated — the greater 
the restriction of po>ition of the reacting molecules in the transition 
state the smaller the steric factor. 

Kraut*. NVmtzov, and SA>skina, Compf. Jaui, UM.SS. Figures 
in brai kets^ Be4*se. /. Jmrt\ Ch<'m. Sac., 1931, 53, (>13 
Vaughan, thJ , 1032, 54, 3HO3. 


Ihui.^ 1033. 55 » 4 * 0 ^^ 
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Polymerisation as a Chain Reaction. 

Polymerisation reactions are known to show many of the character- 
istics of chain reactions.^* The evolution of the polymeric molecule 
may be imagined to proceed by the successive addition of single or more 
complex molecules to the growing complex. As an example the 
following type of chain may be considered. The polymerising molecule 
A may be activated either thermally or pliotochemically and this 
activated molecule then combines with another molecule of A to give 
a dimer. It is further assumed that the dimer is produced in an activated 
condition, the activation being produced by the energy of reaction. 
This process continues until either the intermediate active polymer 
becomes deactivated or that it is incapable of addijig more molecult < 
for chemical reasons. The total process may be represented by the 
following scheme.* 

A -A' 

A' -f- A > A^, 

A'2 I A —V etc.. 

it being assumed tliat tlie dimers, trimers. etc., do not rea('r among 
themselves. Now from our previous considerations if A is a complex 
molecule each succeeding step in the reaction cliain requires a '.mailer 
steric tactor. That is, as the cfiain length increases, reaction become-, 
more difficult and will finally become mimeasurably .Ninall. Tlie Icngfl: 
of the chain and hence the size of the polymeric molecule will ihendore 
reach an apparently limiting value and tiiis will be determined pnrnanly 
by the magnitud(‘ of the steric factor.f 

In drawing these <'onclusions it has l)ecn a-'Sumed that all «;nil 
reactions in tlie chain require no ariivati(>n entTgy. If such rcactioii^ 
needed activation it might be suggested that this energy decreased at 
each stage in the reaction and that this annuls the effect of the decreasing 
steric factor. The fact that the reaction <diain extend.s to any ton- 
siderahle lengtli excluded this and, furthermore, exfierimental evidence 
indicate- that the association of radicals which are probai>ly inter- 
mediates in the chain needs no activation energy, 

Semenoll. Chemical Ktneiir^ and Chain Heactuyns, Oxfonl 1035, p. 344 
* A well kn(;WTi example of this type of process is the j>i>l ymensation htyrene 
or viiul acetate iioth of these? reactions are known to prexeed by a chain 
mechanisni 1 he initial process is mc/st probably the ujx-ning of a double bemd, 

K -^CH-vCH, — > K- - - 

I 

the active molecule then uilding another molecule of the monomer, the energy 
change being sulticient to give an excited dimer which may carry on the cham m 
the follow'ing way , 

K K K 

R— f- (';H CH, — . tin ~CH, H - CHj, olt. 

t There are several pxissible variations of the foregoing reaction scheme, for in- 
stance : the initial reaction A t A A| may give a dimer which does not parti- 
cipate in a reaction chain. The [K>.ssible subsequent reaction of the dimer (sa\ 
with another molecule of A/ would need an activation energy and similarly foi 
the reaction of higher polymer.s. In such ca.sc?s the resulting polymeric mixture 
when all of A has disapixared would consist almost entirely of lower |;>olymcrs, 
the concentration of the dimer being much greater than that of iJie trimer, the 
concentration of the tnmer greater than that of the tetramer and so on. 

Kice and Sickman {J . Anier. Chem. Sac., 1935, 57 > ti'^4) recently found 
that methyl radicals initiate the }H>lynien»alKm of ethylene. 
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Further information can be obtained by a consideration of the 
reverse process, namely, the i>reakdo\vn of a long chain, or large polymeric 
tnoieeule. A molecule built up of n unit molecules of A may" break 
in any one of the 11 — I lK»n<ls, the two limiting reactions being given 
by 

A„ A„ 2 “f* ^ni'i ' ' (0 

A„ A„_j -FA, . . . [ 2 ) 

Sim t* th(* a.vsoriation rea< tion is more difficult for the larger molecule, 
theii, if the unimolecular dissociation is assumed to require the same 
a( tivation energy’ independent the bond which breaks, the equilibrium 
constant of (l) will be shifted much further to the right than that of 
(2). Thus, if the equilibrium is established the products of the break- 
down in the middle of the molecule \^ill be more abundant than those 
corresponding to di’-soriation at the end of the chain. This is also in 
general agreement with many observations on the cracking of hydro- 
carbons.® It IS also Well known that the sttibility of the hydrocarbon 
molecuh decreases with increa.<e in cliain length. a 5 is also true for 
large polymeric niolecule^ In other word- A'„ni actually" increases with 
increasing < hain length an 1 , -^ince A'j,) <!<•< re.ise" under tlie same condi- 
tions, it may* be concluded that tor any* simiLtr series of long chain 
m(,>h‘('uies the equilibrium corresponding to the breaking of any given 
ifond will be dis|jlaced nu^re l(» the right the l(»nger the length of the 
moK cul<‘. 

Sumraary. 

The sleric factor oi binudecular ass^H iation reactions has ch.scussed. 
The appin ation oi the transitJt*n state nu'tho<l for the calculation of reaction 
vehxtties leiuis to a snn)>i(‘ interpretation of this factor in terms of the 
probability of the transition state* The stone factor (»f Mime jx*lymensa* 
tions reactions has Us n evaluated the assumption of a chain mech- 

anism of jxilymensaiKiu it is shi»\\n that the* chain k ngth and thus, the 
sire of the polNTiieru’ uioleuile, is detenmned by the magnitude of the stenc 
factor. 

In (onclusH»n, the autiior vvi'^hes to thank Professor M. P’ohtnyi 
for many helpiul d»>* ussi<in-. 

7 Vie l it!versitv, 

Miifichtsier. 


GENERAL DISCUSSION, 

Dr. H. Dostal (U iVm) said . If the reaction constants of chain growth, 

Ah : A Ah k 
A , : A Ah . . . A, 

A „ ‘ - A 1 . . , A ^ 

A, depend on the degree of j^Kilymerisatioii (or chain kngtb, which is the 
samel w, our methmi of calculating the amount of polymer at any time, 
and the distnbutitm of the molecular weights in the polymer, cannot he 
applied immediately. \Nhth regard to the stenc factor, the function 
A* of H can, for instance, Ik* given by 

A. .\a«. 
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We can, also, use a transformed measure of chain length w, which is 
not identical with the degree of polymerisation, m and n are regarded 
as continuous, and m defined by 


1 ? 

dw 

especially 

dw 


■ (I) 

= Aa" . . . . • (C) 


The velocity of chain-grow’th relative to m Ix'comes uniform and the 
results communicated in our paper are apj[)licable when, instead of n, 
m is usetl. The relation between m and n is given by (i), (i') or 


especially 




-r-u'-:)' 


dfi 




{y) 


so that the true degree of polymerisatkm n can be found easily from m 
in any case. 

Professor E. K. Rideal (Cambridge) saul : It is clear that {xjlymeric 
growths regarded as cliain reaction fall into at least three categories. 
in which the chains grow after initiation at eva^r decreasing sfxied due to the 
operation of an increasing steric factor. The second class con.sist of Tr- 
actions in which the chains grow by collision and an energy of activation 
is required for each addition of a new monomeric molecule, re., they ctmsist 
essentially of a sequence of regular bimolecular reactions. The third class 
include those in which the chains grow after initiation without any j)er* 
ceptible variation in speed as the chain.s get longer, riiese reactions 
sugge.st the absence of (jf small steric factor and a constantly activated 
end, ?.t.. a free radical requiring a negligible energy (»f activation. The 
chains appear to grow' remarkably feist and if they reallv grow faster than 
can accounted for by a collision mechanism then it would apjx'ar 
to regard their grow^th as examples of the growddi of thread like crystals 
where surface diffusion plays such an inqxirtant part in the .sujiply of 
reagent 

Professor H. Mark said : I desire to mention once again that 

long chains, rings and avs(x:uitions of big molc*cules in .solution occur too 
quickly, (me would exp^'ct, from theoretical considerations, that the rate 
of their formation should be much smaller. The exfHirimental material, 
which as yet is not at all convincing, or wen satisfying, leads to the estimate 
that these reactions are alxiut lo* to lo* too rapid, if they arc com]>iired 
with our general know ledge of the kinetics of binudeciilar gaseous reactions. 
Some, as yet unknown, factor seems to play an im|>ortant r61e in these 
solutions, and to comptmsate the influence of Uie .steric factor. In fact, 
we are able to show', in the cast; of non-cataJyJH;d polymerisation reactions, 
that they are much slower in the gast*ou.s state, than in solution, I his 
agrees with an investigation of Ku.e and (»reenbauni, who found that the 
dimerisation of pentene proceeds much more rapidly in the liquid phases 
than in the gaseous. 

We should surely try first tf> consider the energetics of the influence 
of the solvent, and we should expect that the heat of activation is lowered 
in the solution. The present exjxTmienta! material d<x!S not exclude 
this jxjssibility entirely, but the activation energy is already, in thegaseou.s 
state, especially in fKjlymerisation reactions, so small, that a further <le- 
crease cannot influence the reaction very much. We conclude therefore, 
that the solvent may affect in a certain way the statistical fretjuency of 
the collisions between large molecules in the soluted state. It may t>e 
that a certain amount of Schy^armbildung*' cancels out the influence td 
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the steric factor. Whether we should, with E. Hiickel, take into account 
the phase volume, or whether we must choose another possibility, cannot 
as yet be; said with certainty. In any case, however, it seems that a 
further systematic study of the dissociatu)!! reactions of big molecult-s 
(independent of the sr>lv^ent) scs-ms to Ik* m<>.stly in demand. 

Dr. E. A. Moelwyn- Hughes (Cambridge) said : The theory of lN»ianyi 
and Kyriiig is essentially an eijuihbnum theory. How* far does Dr. liawu 
consider it logical to apply this theory to a system involving a cliain 
reaction, which fmly under highly specified conditions can be treated as a 
system at e<4uilibruim ? I should also much appreciate any comments 
which Dr. Hawn might feel disposed to make on some of the postulate s 
underlying the theory of Kynng and Holanyi, particularly (1) the mulr.al 
independence of the \arir>us intermolecular motions which is implied in 
the evaluation of the corresptinding partitif)n functions, and the birtc- 
frtH* held p<jstulated for the translatory motion in the co-ordinate of 
d(*composition 

Mr. M. W. Perrin if/o said In connectiiui wdth the " tran.'^ltJon 

^tate " metluxl of treating reaction kinetics, I should like to mention srnrie 
[irt'hnunary results whicfi have recently been obtained for the influenct* of 
h\dr«»statu pressure on the rale of fxdmensation t>f linseed oil. Estimating 
this rate by the time taken to produce an oil of any given viscosity, it has 
bcx'Ti hiunci that a pressure of kg (in * accelerates the reaction about 

ten times. At a teinjK'rature of ^Ho ( , wluTe the reaction is so slow at 
atmospheric po'^suie that a tinu' of v»me days is ru‘cessary to reach a high 
N'lscosity, It ha‘^ lx*en fouiul that the <*il is jKjlymerised to a hard gel m 
af>out one hour under a pre.s^ure of tj.ooo kg. cm.* 

rntrl more e\jM*rimt‘ntal data a\ailablt\ it is not jxjssihle to make 
an exact num<‘rKal < ornjnins<ui with the* tlieory put forward by Kn ans and 
I’olanvi, but it ap|H ars that the pressure etlect is of the order of magnitude 
jiredicted tor a polynuTisation reaction of the "slow " type with a slcric 
factor nun h smaller than unity, It is hojxx! that further w'ork, now in pn^ 
grt*,ss. will <'naltle more ilctinite conclusions to lx* drawn as to the mechani'^m 
<if the j.)ressure <*tt<‘cl 

Mr. W. F. K, Wynne- Jones Juadiiar .-^aid * 'Mk* tht^ory of the at tivatt d 
complex or transition state as develojxsl bv Eyring.**and bv Evans and 
IVflanvi *** leatN, as shown b\' i'lawn, tc» a decreased probability for the foi- 
inalion «)f complex niolcc uU‘s It is. however. im[x>rtant to note that for 
reactions o<,.urring in solution th.e association of solvent moU'Cules with 
the activated c omplex ot tht- teat ling molecules may have a prejxmderatnig 
infUi<‘iut‘. as has aheadv In’en shown lor certain reactuuis ‘ I'he cntuisrn 
raised bv Moelw Mi-Hughc '' refers to the exact c alculation of the partition 
functum for the aitivated complex, and dof*s not reflect on the jmnciplt* 
of the method, nor doc’s it affect the gcnieral conclusions that may lx- drawn 
as to re.u Hon luechamsm h has already Ixxm shown in sevc-ral stmln s 
made by h.vnng and his co-workers that abnormal rates of reacticm in the 
gasrxms state can W c xacth' tn‘ated bv this methiKl. 

Professor Paul N. Kolterman (Tartu) said : In spite of the great 
imjKirtancc* of physico chemical methcKls and mathematical anaK^is h»i 
the study <»! the phenomenon of }K>lymerisatuni, especially for elucidation 
of the kinetics of tlie reliction, one should ney<‘rtheless not e\clu''ivc*ly 
dejxmd iifxm these methcxls but, from the organic chemist's {xuiit of view* 
in the first instance, study the mechanism of the reactions of jxdymerisation, 
and determine the cpiantity and the structure of the pnxiiicts c>f }^x>!y- 
merisatKun In many cas(*s it has l)cen found that the prcxxxss of poly- 
merisation of nn.siituraled hydrcKrartKms, in piirticular conditions, Uikm us 
whole, is not a simple chain reaction ; at least two prcKesses take place 
simultaneously. For instance, in the case of jKilymensation by heat 

T$an\. Taraday Sot\, 1035, 31, S75. 
i hem. Physics, IQ.J5. 3* ^10.2 
*• ! rally. Faraday S<h\, 1035 . 3 i» -^75. 
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isoprene and methyl isoprene at temperatures above 150° C, the reaction 
proceeds according to the following scheme : — 

dimer ^ monomer > j>olynier 

(cyclic co»t pouyid,) (probably open chain 

compound. ) 

At higher temperatures, i.e., at 200 C., the dimer l>egins to polymerise, 
and the product of {>olyinerisation is. therefore, a mixture of comjxninds 
which do not belong to the same homologous series. The ratio of dimer to 
polymer in the case of methyl isoprene (at 150'^) is 2 . 2 : 

If we assume that the process of polymerisation (in analogous cases) is 
a chain reaction, and base our calculations on this assumption, it might 
easily happen that the conclusions arrived at have nothing to do with the 
facts of the ease. 

Dr. G. Salomon {Zurich) said: I would like to mention once more the 
great diniculties in understanding the mechanism of “ shnv " reactions. 
As IS well Iviioun, se\eral factors may induence the rate of reaction, so in 
many cases we have no means of deciding which i>f these has the mayor 
eftect. There are two extremely different tvjK‘S of “ shiw " reactions ; 
radical as.sociation and amino condensation. 

For the first type the association itself is slow and there should W no 
soKent effect. On the other hand frcmi my own (*.\iHTiments it seems ver\' 
probable that amino condensation is a normal reaction, only relanied l>v 
organic sedvents. It will lx* necessary to investigate the lifetime of the 
unactivated ammo halogen alkyl complex in different solvents to tiecide 
the real cau^e of these* abnonnalities. If ther** is a connection Indween 
the solubility of tlie cornfxmnd fornietl and the rate of reac tion then the 
number of ( Ha-groups in the reacting molec ule-* she add aNo mduiuice 
the rate. For example cyclohexadecamethylenimmc* hydrohromide is 
readily whereas pi^-x^ndine hydrobroinide is only shghtlv vduble in Inuizene. 

It IS moreover obvious that an intermediarv change of valency in the 
nitrogen atom may also influence the reliction ; but it does not seem pc.>ssible 
to expres:^ this change in a more quantitative manner. 

Dr. C. E. H. Bawn (Manchrslcr) said, iw reply to Pr^ift s'ior Matk : It is 
to bt? expected, as jvjinted cuit bv Evans and Polanvi.” that the collision 
number in solution may l>e as large as lo** (the corres|>onrling value for 
gaseous redactions Ixung This increase*, t(/gethei with a tiecreast^d 

activation energy ^whn h will 1m* defxmilent on the solvent) may acanint for 
the increased reactimi rates in s<dutiMn. esjKXially Jn simple cases such as 
the bimolecular }K)lvm<*nsation of ketene.** 

hi to Dr. .Mot lii \ n-/iugh( ^ : Ui) The fornmtion of high nndecular 

weight ]M)iyiners was considered as f/ccurring by a senes of ci»ns<.*cutive 
bimoiecidiir reactions. The transition stat<‘ metiiod was used to evaluate 
the stenc factor of these ^himolt‘cuIari reactions and was not applied to the 
reaction as a whole. A knowie<ige ttf these* S4.*j>arate bimolecular constants 
suffices to calculate the total rate aiul to allow of certain conclusion re- 
garding the final chain reaction 

(b) It is a.ssunied in evaluating the partitujn function for the transition 
state that the vibrations are harmonic . This is admittedly an approxima- 
tion w’hich seems to lie good for normal molecules,” and leads directly tt> 
the conclusion that the intermolecular motions are indepcmdeat of each 
other. If this condition does not apply then it is not possible to ev^aluate 
the partition function. By making this a.ssumption it may be shown that 

** l or particulars, .see; P. N. Kogerinan. AddUton^reaktionen und Polymen^a^ 
tion dc's 2, yDimethyibiitadiens, ' Sitzung.sber. d, Naturfurscher-Ck^scUschaft 
bei der Univ'ersitat Tartu, Band XLI . 1034. 

Tfan^. Faraday Soc., 1935. 31, 875. ' 

*» Rice and Greenberg, J.A .C.S.. 1034. 56, 2132, 

** Cross and Van Vleck, J , Chem. Phystes^ *(*33- G 357* 
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miimolccular disscxriations follow the rate-law k = which we know 

is closely ol)eyed. This relationship was used in arriving at the results of 
Table T 

(r) The transition state is defnu‘d by a co-ordinate*^ which is tangential to 
the reaction path at the top of the potential barrier. It follows, therefore, 
<1 V 

that - o at the transition state, and, thus the force will be zero, 
d/ 

Kynng, y i hem. Phy<u^., 1035,3. 107. 


POLYMERISATION IN MONOLAYERS. 

IJy tjL«)FFRr.Y ^iF.K. 

Received loth July, 1935. 

Polymerisation in Monolayers. 

The purpo'sc of the rommuni«'ation is to describe briefly 

an investigation of the poly inen-iat ion of dr\'ing-oils accompanying the 
}>rr>ee>s of drying when tlie in.iteri.il spread as a unimolecular film 
on tile surface of water or dilnt<‘ at id 

N(i comfdete agreement ha.-' been readied as to the mechanism of 
tlu‘ <lr\ang (d oil-., and in parti* ular the rule of oxygen remains a matter of 
<lisi iis-sion, but all worker.' are agreed tliat jiolymerisution plays an im- 
portant part in jiroducing the final varnish film. Probably the largest 
l»ody «>t opinion now* regard< the tiryiiig proia>> as con.'^isting of an oxida- 
tioTi (d the unsaturated linkages of the oil to peroxides, which subse- 
quently polymerised* •* It will be show'n tiiat a mechanism essentially 
sinnlar to thi'' gives a ct»mplete and sdf*con^istent explanation of the 
experiments whn h arc described below. 

Experimental Methods. 

The material employed m the invest igation w.is the m.sleic anhydride 
com}><>und <.>f /5Mda*o'teann de>rnbed by Nh.'rrrll.^ We arc m k-bted 
both to Dr. Morrell and ti» tlie British Pyestufis ('orporaiion for specimens 
whii h gave smniar result". Pniniole? ular films were spread from benzene 
on a trough of A” bX) ! and provision was made for the simultaneous 

measurement of surf.ice jircssure — by means of a Lingmuir tor-aon 
balance, and [>hase boundary potential. The tnuigh was completely 
encIosf*<i in a therrnostated I'ox and the apparatus so arranged that all 
measurement'* and adjust inen is could hi* made from outside. 

The eharacteristies of a freshly spread film were entirely in accord 
vvitli those t(» be anti<‘ipatcd (rom the formula pri^posed for this material 
by Morrell but it was found that the films were unstaVde and rapidly 
underwent a spontaneous n\ution, accompanied by changes in both the 
surface pressure an<l poicnliai. It is clear that rliese clianges may l>e 
employed xs the basis of a study of the reaction kinetics, and it has been 
found most convenient to work at constant pri^ssure, measuring the area 
and potential at suitable inierv'als. 

^ I'lm. Ind. Em: Chem., u>3i, 33, 88. 

» Moirelh Ind t hem , 1925, I, OH ; J. Oil, Cot Chem vwn , 1929, 13 , 183. 
^930. i3* ^ ; J t hem. Ind.. 1931. ffOt 27 T. 
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The reaction is found to be far from simple, but can be represented 
schematically as follows : 

Polymer 

V I ^ 


Here X represents the initial unsaturated glyceride, which first oxnli^'^cs 
(^i) to a peroxide XOg^, which is however unstable and may react in 
either of two ways : 

{a) by polymerisation 

(/;) by isomerisation (k^) to a more stable body X< >2. 

Finally, the latter may .ilso polymerise {k^). 

The [)roduct which is obtained on oxidation thu" depends on Ma- 
exfieriniental eemditions : at high firessnre and the X< 

stage is not oL)ser\'ed ; while at low pressure A’g >• Aij 
formed remains stable unless the pressure is rai^tal. By suitable .eipi-t- 
merit of the conditions of temperature and pressure, the polymeri>at ion 
of the t\V(» oxidised forms can l»e .-tiidied separately, a< de.scnbe<] b<‘!‘tw. 

Polymerisation of the Oxidised Oil. 

The evidence that the final products obtained are polynuTic* in n.ttnr'' 
is derived in fiart from a consideration of the nature of the fina! tihn 



L) u r in g t h e 

Ktinticf ^ Paiymfnsaft^ of Stabie homtr oti 40 ^C . <“our<e the 

reaction a dutcl 
him of 

stearin beionn^^ 
converted in?i* c 
eontinucKis gel* 
liki* structure, 
wiiile the maicic 
anhydride (om- 
pound gtvr'i 
iiighly visctHi*' 
prmlucts which 

ISO /40 mo mo 200 220 240 200 200 soc "P "" '‘-'r' 

A f tension. It 

1*10. 1. suggested that 

the difference 

between these tw<j ca-es arises from the greater ease of cross-linking 
between the molceules in ttie former. Further evidence of the nature 
of the process is given by the effects of the various kinds of jiosilivr 
and negative catalyst which have been employed (sec below j. 

The simpler polymerisation process to investigate experimentally 
is the one represented above by the constant It will be clear from 
the foregoing that by carrying emt the oxidation at a low prtssure a film 
of pure XOj can b(‘ produced if time is allowed for the isomerisatioti to 

be complete (lo to 15 minutes at 40 to 30° C). If suc h a film be now- 

compressed to a high pressure, polymerisation occurs and can readiK' 
be followTd. big, i represents some typical curvt^s of d/l/d/ plotted as 
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Vthcity of Reacfun C3n^Hj,S0^-t5%t0^HCuSO4 

of26'C 


a (unction of the area per molecule A, and it will be noted that these 
cur%cs arc approximately parabolic in shape, but that the maximum is 
somewhat displaced towards the commencement of the reaction. 

The polymerisation of the unstable peroxide XCy can be approached 
ill two ways. At low temperatures and high pres.sure.s so 

that the whnle process (X — polymer) i.s pseudo-unimolecular ; 

but at temperatures aiui lower j)rcssures this is no longer the ease ; 
the two processes can then be observed to proceed successively. Some 
representative v’elocity cur\'c.< are given in I'ig. 2, in which a separation 
of the lower pressure curves into two pf>rtion.s, of which the second is 
roughly parabolic in shape, is to be observed. 

This method of investigation limited to tho^e special cases in which 
the valuer of and are within laTtam fairly narrow limits : the method 
now to be dt‘scnt>e<l is more g.uuT.iIly a]»plif'ai>Ie. If a him is spread 
and allowed to oxidise 
( oiupletely at low pre.<‘ 

"urt the product will 
of a mixture 
(U tiic two oxulised 

liie propt»rtion> U 
ot whuh will change 
}* ro g re " s i ve I \ with 
time, Sm li .t him 
m.iv now Ik* (nm- 
pre^?< d, when the prt - 
<ioniJiM:it re.e riou will 
bf' !l:e poKuneri^af ion 
oi X(. 1^*2 , whieh 

('an thefifore be Ufl- 
lowt'<I, It 1 ^ found 
tlial i!h' stable ma- 
leri.fl iX 02 [?rewnt 
• a t ' an inhibitor 
at low ti-nip,r.»liirc\ 
wlien it IS (Widently — > 

nii apai>ie ot taking 
part in the potymensa- 

tion (hams, but a eorre<'tion Cau ea^ilv l>e applied by e.deuiating the 
( om entrations ot XUg in a senes ot films which iiave been oxuli^ai for 
various lengths o! linuy and extrapolating the polymerisation lonstants 
to zero ( oneeiitration. It is fourul that i k is roughly a linear function 
ot the Xt)j ctMuentration \c) as would Ih‘ anticipated from the well- 
known equati(»n 

k 

I i at' 

3 K*ve> some velocity eurws olitained in this way, and the same general 
»hapc is evidenced, but the displacement of the maximum tixwards the 
start of the reactitui is now nuielt more pronounced. 


fS(/ iOO Z20 240 260 


Reaction Kinetics. 

In seeking an interpretation of the shape of tlie veiocitv airxes two 
distmcl methods of approach have been employed. The first v>l these 
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is based on the analysis g:iven by Semenoff ® of the induction period con- 
sidered from the point of view of thennal gaseous chain reactions. The 
fraction f of the original material undergoing reaction in time r, reckoned 
from the time of half reaction, is given by 




I 

1 + 


where ^ is a function of temperature and pressure of the form 

« JL 

^ = Bp'^e 


(>) 


(2) 


For experiments w’ith monolayers, in w^hich A is the dependent variable 
w'e may put 


Aoo - A 



where and Aoc, ‘ire initial and final area«. It is then ca^ily shown that 


dal 

d/ 



A, [A 


( 4 ) 


in Nvhich k, is written for tf). The plot of dAlaU against A required by 
(4) is clearly parabolic, a iorm whic h is elosely approached by many of 
the experimental curves. 

bor the cause of the observed divergencies from the parabola we must 
consider an attempt which has been made* to analyse the kinetics of 
a polymerisation chain initiated by the slow primary activation of the 
monomer followed by tlu' rapid reaction of the product with successive 


® Semenoff, Z. pkysih. C hm , loi** Bit, 4O4 ; Physik. Z. Her Sowjrt, loio 
4, 906. » T j 

* Gee and Kideal, Trans. Faraday Soi 193.5, 9 ^^ 
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molecules of inactive monomer. If the mechanism is rcpre.sented by 
the following equations it can be .shown that the observed kinetics are 
derivable on the assumption that the chains arc stopped only by an 
increasing stcric factor. 

M Ml {k,) 

M -}- M« M, {k^) 

M ^ M, M, (k,) 

The various constants may be expre.-sed at functions of r in terms of 
a parameter K, a typical case which is considered being given by 

( 5 ) 

while A*! is inrhiflrd in the general .scheme by putting 

Ai V- xftfJC (0) 

where is the original number ot molecules present and x is a numerical 
(onslant. The analysis which h.t^ already been given [ioc. cii,) derives 
the reaction velocity in term"- of the total number of molecules present 
at time /. ami is not then lore ilirectly applicable to the present case. 
We refjuire <ilso ^ome relatif)n between the size of a polymer molecule 
and the area tl fMcupu-*' on the snrf^ice. h'our possible law.s have been 
investigated, hut since all le.ul tf» es.sentially similar results, it will be 
sufficient for flic j)rescnt jiurjw.>>e to illu-trale the method by ennsidcring 
the simplest case, m wlu< h the area oi \ \\v r-mer is given [)y 


J. .... ;;) 

wliere A.f is a fonstanl. 

On this b.isiv, it i at] bt^ j-hown that the selocity equation takes the 
form 


iU 

d/ 


- \ KfiQ , 


A:{A --- A^) 




where e is tlu nivMn » hain length of tliat portioti of tlie material whir)] lias 
polvrnerise<i at iimt* t. 

Two extreme t<irms of <'urve are prcdicteti : 

[a} If r be efjuated (t‘ eoc-, its value at the end of the reaction, evjuation 

takes the same form as ?^4‘' bv putting 

' \]j^ttQ kg . , 

vasCA.'i 

Thus for a reaction it] which the chain length of the polymer dix\s not 
change greatly during the reaction, an approximation to the parabolic 
form would be anticipated, and this should be realised in practise for 
sliort chain processes. 

[h) If a is small it is easily shown that the reaction becomes pseudo- 
unimolecular, a form which we should therefore expect for long chain 
proce^sses. 

The obsrrx'cd forms of cur\’c,s are thus ri adily explical>le in terms of 
this kinetic treatment and we may note also that the most a'<ymmetncal 
curves are those associated with the largest expansion during reaction, 
and ihcndore the longest chains [compare e.g., I'ig. 

The complete characterisation of the polymerisation rate in terms 
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of the chain initiation and propagation rates requires the separate deter- 
mination of Kuq and a which can theoretically be derived from obser\^a- 
tions of the early stages of the reaction, for it can be shown that the initial 
slope of the “ velocity curve ” and tlie initial acceleration are given by : 

= 

may also be calculated from observations of the area and height 
of the maximum of the velocitv ( urve, but in i)ractise it is 

\ d/ / max. 

fiuind best to attempt only to obtain relative value> of a and since 
the i'onstants of ecpiations (lo) and (ll) are altered it equation (7) is 
replaced by one of the alternative t>ossibilities. 

Obserx'ations in the neighbourhood of the start of the reaction are 
necessarily difficult and subject to large errors, so that for most purpost'> 
it lias been found preferable to cliaracterise the whole reactif»n in lerm^' 
of the single constant For this purpose t‘quation (41 may conveniently 
be modified by introducing the conditions for the velocity to be a maxi- 
mum, whence it is easily shown that 



This equation ha> been employed in deriving the polymerisation constant'* 
(|Uf)ted in this ('omnuinication. 

Analysis of the results of a large series of experiments .shows that there 

a good general correlation between and whii h can be ♦•x* 

prc->t'd approximately by tfu* empirii'al relationshij) ; 

k^^Si’yKfiQ^ ' 7.Kv^). . (r^j 

This is dinien>ionally correct and appe<irs to indicate that k, turni.she^ 
a s itisfactors' measure of the combined initiation {xK^Iq) and propagation 
(Ku^y. veI(M;iiy constants. 

Effects of Temperature and Pressure. 

The* efte» t f)f temperature ami pressure on the ratt* of polymerisation 
of XOa is siiown in big, 4, in which k^ is plotted as a function of the sur- 
face {)rcssur(‘ F tor three different temperatures. For the low'cr tem- 
peratures the \'arialion with [iressure is ao urately represented by the 
equation and this is confirmed by a further series of measure- 

ments on sukstrates containing a catalyst (C.’oS()|) .so that the constants 
are larger. At 40"" (A luiw ever wx* find an increase of at lower pressures, 
a phenomenon wdiicii appcar> to be correlated with a phase change, 
condensed to expanded, occurring within lh(‘ pressure range 8 tu 
12 dynes/cm. at 4cF C\, but below' it at 50 and 35'' C. Measurements of 
tile F-A characteristics of films of XOj at various temperatures confirm 
thi.s explanation. 

The temperature coefficient and energy of activation can thus only 
be obtained from the highest pressure {12 dynes /cm.) mcasurenients, in 
which the material is in the same phase at all temperatures. The ob- 
served constants lead to a value for the energy of activation of 20, OCX) 
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Cals, so that the total variation of k, with temperature may be written 

ao,oo* 

= k^F^e which is of the same form as SemcnofT’s equation (2). 

In addition to this effect on the rate of polymerisation, alteration 
of temperature and pressure also modify the chain length of the final 
product. Although it is not at present possible to give an accurate 
measure of this quantity we can readily determine the manner in which 
the chain length varies as the conditions are changed. This can be done 
in two independent ways ; 

(a) By ob>ervation of the total expansion accompanying the reaction. 
If the areas are referred to a standard pressure, the expansion will be 
greatest for the longest chains. 

{h) By observation of the extent to which the maximum of the curv^e 
is displarcd. It Ay^ is the area at which the maximum occurs we may 
define a qiumlity p given by 


p 


•d\i An 






( 14 ) 


hV>r a panihola p ■ 0-50. while fur a reaction \vhi(‘h approaches a uni- 
niolei'uhtr form p~->o. hVom the 
l>rt‘viou> .inaly<i<, it follows that 
a^; the eliaiu k-ngtli iniTcase^ p 
will decrease. 

1 'lje--e two methods both le.id 
to the (onrhision that the cliain 
length ul the Xh>2 polymers in- 
creases with ri"!' ot pre.ssure, but 
is almost mdependent tempera- 
ture over tiie range ^ • 

'I'he efU’t ts of temperature 
and preN-'Uri' on tlic jioIymeriNa- 
tivni ot the un>liible peroxide Xcb* 
are mor»’ ^ umple.x. d'lie tempvra- 
ture tfi< n ut has been obtained 
irom a '^ene-' of measurenmnts at 
a pressure (.u S dynes cm., and 
le.ids to an a}»proximate value 
for the <*itergy of activation of 
5<KK) Cal.s. The principal effect 
of incRMsing the pressure is to 
produce an increase in the size of 
polymer produced. Reference to 
Rig. 3 shows that there is a com- 
plete change in the shape of the curve, and it is evident that the total 
expansion is increased and that p [equation {14)] is diminished. It may 
be noted that rise of tempeniture also leads to an increase in the 
polymer size. 


Uihcf/y COftsTff/rts far polymensohenof 
Stable Isomer 






\ 



\ 
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Fig. 4. 


Positive and Neijtatlve Catalysts. 

A study has been made of the effect of adding various catalytic 
materials to the aqueous solution under the film, and tJu* results may be 
illustrated by reference to some experiments with cobalt sulphate and 
hydroquinone. 


7 
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Two series of observations on cobalt substrates are worthy of mention. 
The first is based on experiments in which the oxidation and polymerisa- 
tion of the glyceride proceed progressively, so that tlie polymerisation 
rate is separately determinable [cf. Fig, 2]. 

The following results were obtained in this way, for polymerisation 
at 26® C. and F = 5 dynes/cm. : 

Concentration of C0SO4 . 5 x l(r ^ 2 - K»- ^M. 

Velocity constant (mins. “^) . 0-02 0*14 0-3, s 

The second series gives the effect of cobalt on the rate of polymerisa- 
tion (k^) of XC)2 at F — 8 and 30'’ C. : 

Concentration of C0SO4 . , O 5 10 ** 2 l(.> ^ M. 

Velocity constant (mins. -^) . 0*05 0*17 ()*33 

In both ca<cs a ver%' large catalytic effect is observable. The first 
evidence of the inhibitory effect of hydroquinone is based on a .'-nmewhat 
different argument. In the course of a series of experiment.'^ on the elici t 
of hydroquinone on the rate of oxidation at F 1 1 d\ nes cm. and 2*5 
it was found th*it ‘^mall concentrations (up to u-txil per cent, m the .sub- 
strate) had no effect on tfie oxidation constant, but dimin!''lu i] not boly 
the total expansion associated with tlie oxidatif>n. Now iinder the>e 
conditions tlie reaction is essentially 

X XOg^ Polymer, 

and it is clear tliereforc that the hydrocjuinone is inhiliiling flic second 
stage of this process, /.r , the polymerisation. ( onlirmation 0! thi" 
conclusion was obtained by allowing a film to oxidise ami i-oincn-c to 
XO2 at a low pressure and 35^' C., and thtm injecting hydroquinone into 
the substrate so as to make the concentration 0*05 per cent, i >n sub- 
sequent comprt'ssi(»n to F -- 12 dynes/cm. no reaction wa-^ detectable 
in 20 minutes and tliereafter proceeded very sh#wly, while in tlie ab-enee 
of the inhibitor the entire fiolymerisation would ha\'e been ff»mpiele in 
30 minutes. 

Polymerisation of Mixed Films. 

In the foregoing we have j)Ostulated as the final stage in tlie “ dreing ’* 
of glyceride film‘d a polymerisat ion process proceeding by <t chain nna h- 
anism, and perha]).s the most direct proof of this conclusion i.s derived 
from experiments with mixed films. If the glyceride film be dilutc-d 
by admixture with a stat>le e>t(*r, such as ethyl myri^tatc* we should 
anticipate that tlie latter, being unable to take part in the polymerisation 
chains, should act as an inhibitor. This conclusion is completely borne 
out by experiment, and reference may be made to Fig. 2, wliich gives 
the velocity of oxidation and polymerisation of a mixed film c'outaming 
10 per cent, of ethyl myristate at F ~ 9 dynes/cm. Under these c cm- 
ditions the pure g]y<*eride gives almost a linear viir\'c but the retardation 
of the polymerisation produced by the ester cause.s the process to sjilil 
into two fairly well separated consecutive inactions. It should be noted 
that addition of the ester lut.'i no effect on the rate of oxidation : there 
is indeed no apparent mechanism by w'hich any such inhibition could 
be produced. 

The study of the effect of e^ters on the polymerisation rate ha.> been 
greatly extended, and in particular the fiolymerisation of the stable 
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isomer XO2 from numerous mixed films Iras been invcstigatcfl. The 
esters employed have been selected so as to cover a considerable range 
of degrees of unsaturation, and include in addition to ethyl myristate, 
triolein, methyl linoleate, ethyl linolenate and methyl jS-elaiostearate. 
We are indebted to the liritisli Dyestuffs Corporation for gifts of speci- 
mens of the three last named. It was anticipated that an unsatu rated 
ester might prove capable of taking part in the polymerisation chains, 
so that the inhibitory efficiency would decrease with increasing unsaUira- 
tion ; this is in general confirmed. 

Addition of an ester diminished both the rate of polymerisation ancf 
abo tlu* final complexity of the polymer. This latter conclusion has to 
l>e l)a^ed mainly on the shajie ot the curves, and the values found for />, 
>ince there is an inesitable uma'rtainty in interpreting the areas of mixecJ 
films. \\inati(»n‘> in the total expamion are therefore not necessarily 
flue to c hanges in the pcjlymcT size. 

Thanks are due to Trote'^sor K. K. Rideal, the instigator of this work, 
for muc h helpful ad\ite and cTiii« ism, and to the British Ityestuffs 
( orporaticiu lor material ami tm.imaal a.''-.ivtame. 

Summary. 

An acrcaint is given of experiments on the " drying ’* of monolayers of 
the maleie anh\'dridc‘ c<»in|X)und c»f ^-ehe<c.>tc‘arin on water, and a mechanism 
IS })rcijK>secl whuli recognises the p<*sMl>le existence of two oxidation pro- 
duel- c>t diffcTent stability. The |><dvmensation of Ixith is described and 
th(‘ energies of actiwition are found tc; Ik‘ 5,000 and 20,000 Cals. 

It IS shown that th<* obseived jjhajH’s of the \elocity curves can l>e com- 
plc teU' aceouritc'd for b\' assuming that }H»iynuTisation proceeds by a chain 
meehamsni in which the t hams an* terminated by a stenc factor. 

Two K lasses of j)osili\'e and negati\e catalyst are considered, these Ix ing 
achh d !a) to the substrate and {/a to the tiirn. In the latter class are a 
seii«-s cd esters, whah inhibit jxdymerisiition, by breaking the chains, 
this elhvl Inung most marked with a completely .saturated ester. 

1 aloi \ iij ( "u/Aut/ n'lnv, 
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THE POLYMERISATION OF GASEOUS FORMAL- 
DEHYDE AND ACETALDEHYDE. 

By J. K. CAKkriHFRs and R. fi. W*. Nokri$h. 

Read in Summary on 27th September^ 1935- 

In the <‘ourse of experiments on the photo-chemical oxidation of 
formaldehyde by ultra-violet light of 3000 A.U., it was found that a 
rapid reduc tion of pre.ssure was induced by the light. This reduction of 
pressure continued on extinguishing light, although the process of 
oxidation ceased. No such fall of pressure could be induced in the 
absence of oxygen. By a process of elimination the effect was traced to 
a polymerisation of the formaldehyde induced by the formic acid resulting 
from the photo chemical oxidation. A similar polymerisation could be 
effected by the addition of traces of ozone to the formaldehyde in the 
dark, and here again formic acid was responsible. 
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It was then found that the addition of a few per cent, of formic acid 
in the dark to gaseous formaldehyde at about 500 mm, pressure induced 
a rapid polymeiisation, the velocity of which was some hundred-fold 
greater than in the case of pure formaldehyde. The results indicate 
that we have here a promoter for the reaction in the gas phase enor- 
mously more powerful than anything which has hitherto been described. 
In the present paper we have undertaken a study of the kinetics of 
the process, and it is evident that we have to deal with a branching 
chain mechanism, in which both the initiation and branching of chains 
are dependent upon the formic acid. The process, however, is confined 
to the surface of the vessel, and we are thus concerned with the kinetics 
of a chain reaction in a heterogeneous system. It is interesting to note ^ 
that Spence has concluded that the polymerisation of liquid monomeric 
formaldehyde occurs by way of a chain reaction at a h<*terogeiieous 
surface, rmd can in certain cases become explosive. In his case curious 
tlireadJike growths of the polymer developed at the surface of the vessel, 
and in our own case we have noticed similar formations. 



The polymer il-self has tlie physical properties of the polyoxymethy- 
Icncs described by Auerbach,^ and it is readily depolyrnerised by lieating. 
Wc conclude that it has the essential structure suggested by Staudinger, 
for there is little doiil^t in view of the easy depolymensation that the 
formaldehyde units are joined through oxygen atoms rather than by 
C — C linkages, Staudinger has showm how molecules of polyoxy- 
methylene in aqucou.s media may increase in length l>y a chain process 
catalysed by hydroxyl groups or hydrogen ions ; our own results .suggest 
that in the case of the gas, similar polyoxymethylene chains can be 
built up at the surface, and that for this process the formic acid is a 
powerful promoter. Its exceptional efficiency operates through its 
power of producing branching chains, and we shall show' in the discus- 
sion below' that this conception is in full accord with the theory of 
Staudinger, Similar results have been obtained for the polymcri.sation 

^J,C.S., 1033, 1103 : 19.35. 506. 

*Arb. KaU. Gesundh., 1907, 584, etc. 
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of acetaldehyde by formic acid, and the polymerisation of formaldehyde 
by acetic acid, though in the case of mixtures of acetaldehyde and 
acetic acid no effect could be observed. With glyoxa! and formic 
acid the process appeared to stop short with a simple addition reaction 
between the two molecules. 


Experimental. 

The first apparatus used is shown in Fig. i. The reaction vessel con- 
sisted of a doublc'walled quartz tulx? of 130 c.c. capacity containing a 
quantity of water in the outer jacket, which was kept Ixiiling by heating 
ehxtrically. The inner vessel was attached by a ground glass joint to a 
mercury manometer and a tap leading to supplies of formic acid and 



formaldt'hyde and to a mercury pump for evacuating. The formic acid 
was prepared by th(‘ staiuliird metlKHi of H. Erdmann * and kept at room 
temj>eratiire in the liquid condition. The foniialdchyde was prepared 
by the melhcxl of Traulz ami Tfer^ and stored in a trap surrounded by 
liquid air. l^efore use the formic acid was evacuated several times at 
78*^ C. (mixture of solid carlxm dioxide and ethers to remove all traces 
id air. The connecting tubing up to the reaction \cssel and the mamv 
meter was wound \Mth nichrome wire and aslx^stos tape and kepi electri- 
cally heated to alxiut The manometer itself was similiriy wound 

with nichrome wire and protected by a concentric glass tulx^ and heated 
to the same tcmjxrature. 

* Praparairit Ckrtme II, Stuttgart. p. loi. 

*J.prakt 
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The taps and ground joint were lubricated with Apiezon grease " K 
and w'ere the only parts of the apparatus that remained ctK>i. in order 

U) carry out an ex- 
jxTiment tlic whole 
apparatus was first 
ovacuated, formic 
acid was inlroduceci 
to the desired pres- 
sure and then the 
formaldehyilo. 

Series I. Reac- 
tion Rates. 

pressure of 
forinaldehydt* was 
li\e<l at 5fK> mm. 
and the rates of yv>ly* 
mensiition observed 
for pressures of for- 
mic acid frcnn o-ys 
rnm., the upfKT limit 
being lixed by the 
va}>our pressure of 
the formic acid 
Readings uere taken 
every few minutes ; 
results ar(‘ shown m 

F.K 

In Jig. 3 are 
jdotted the reaction 
rates iluring the 
jH'riod of reaction 
corrc.sj)onding to a 
pressure change* of 
500- p>o mm.~ as a 
function of the pres- 
sure of fonnic acid 
It is seen that an enormous increase of velocity was obs^Txed at [>ressur<‘s 
of formic acid approaching 35 mm. 

Series II. — Estimation of Formic Acid during the process of 
Polymerisation . * 

A series of experiments was carried out starting with 500 mm. of formal- 
dehyde and a lixed amount (30 
mm.) of formic acid. The <on- 
tents of the reaction vessel were 
condensed into a detachable liijuid 
air trap at different stages of tht* 
reaction. This was then removed 
and water added ; the resulting 
solution of formic acid was titrated 
Vidth N/ioo 8<xla, using phenol- 
phthalein as indicator. A blank 
run with pure fonnic acid showed 
that 30 mm. were equivalent to 
14*1 c.c. of A7100 soda. In Table 
I. the results are shown and from 

• The results described in this section correct an error in our preliminary 
note. {Nature, J935. 135, 582.) 


TAHLE 1 . 


I^rsnurr «( 
ormaUifhydc, 

Volume »>( 

A*. Kio S(kJ 4 
Kfrqulrcti- 

of 

tonuu' And. 

.400 mni. 

14*1 C.C. 

30 mm. 

20b niM. 

io-(>5 cx. 

22*9 luni. 

224 mm. 

8*2 c.c. 

17*5 mm. 

108 min. 

4‘2 c.c. 

8-<i inin. 

9 mm. 

3'H c.c. 

8 0 mm. 
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the plot in P’iR. 4, it will be seen that there is nearls' a linear relationship 
Iwtween the pressure of fonnic acitl and of formaldehyde during the 
wh<»le course of the ]X)Iymerisatk>n. 



Series III. — Experiments with Completely Heated Vessel. 

The apparatus us<*(l f<ir the expKTiments of Seru*'^ 1. and II. contained 
a and a ground joint connectiiij^ tht‘ quartz reaction vessel to the 



glass portic»n of the apparatus. Neither of these parts could be directly 
heate<i and it was t>hserved that the polymer separated at the cold part. 
Exj>eriments were now carried out in a completely heated system 
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(see Fig. 5), so that it was possible to assess the importance of these cold 
portions of the apparatus. The difficulty of the ground joint was over- 
come by using a system made entirely of glass, but there still remained 




Fig. 0. 


the problem of the cold part in the neighlKiurhood of the stopif>fk. 1 h<f 
device illustrated in Fig. b provided a solution. 'I'he pnncipU* was to have 
a thread of hot mercury from the tap A up to the gas in the capillary 

leading the rt*- 



pump on carefully opening A. 



action vost'l, 'I'his 
eliminated all the 
cold |v)rtions of the 
apparatu>. 

Thv inetlnxl of 
operation of th<* 
mercury " cut-(»tl 
was as follows ; hrst 
cd all the reaction 
nnxtun’ was intro- 
duced into the re- 
actum vessel in the 
usual way, through 
tap A, -tap H Inung 
cUised. A was then 
closc'd and by 
ing D, a thread of 
mercury alb) wed to 
enter the capillary 
BDl'-. I'he small 
amount of gas 
trapjKHl in AD was 
removed by the 


In the completely heated system no jKilymerisation t<x>k place in 
300 mm. of formaldehyde, even when 32 4 mm. of formic acid were 
present. It was first thought that this stability was possibly due to the 
fact that the vessel was new and consequently that the surface was not 
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" matured/’ The reaction vessel was allowed to cool slightly, thus de- 
positing a layer of polymer on the surface. On introducing more formal- 
dehyde, however, there was practically no p(3lymerisation . 

A further exjxTiinent in which the hot vessel was packed with quartz 
and glass tubing similarly showed no polymerisation. 

These experiments led us to the view that the polymerisation observed 
in expxjriments with formaldehyde required the* presence of a cold surface 
where the polymer could be deposited. 

Series IV.- Vessels with Cooled Surfaces. 

(‘unstruction of new types of reaction vessels enabled the iniluerice f)f 
a c<Kded surfaa* to In* tested 

In A, Fig. 7, cooling was eltected by a How of cold water, in a manner 
seen from the tiiagram. 
the area of c(K>led sur- 
face U‘ing a Ik Hit 10-5 
S4|. cms. The whole of 
the other jwjrtion of the 
reaction \essel u;is 
heated tt> i<m>“ ( l)v 
imiTUTsion in lioihng 
water, and the tubing 
heated electrically as 
iK'tore 'riw priKcdurc 
was to uitr<Kluce the gas 
into t)ie hoi reaction 
ws^el. and thm t<» tuni 
on the cfM)ling uater 
after liie initial reading 
of pressure had Ik^u 
ohsi'i'N erl 

lig. S shows tht‘ 
resnlt.-s of exfxninent" 

< arrieci out with this 
co«>hxl ‘'Urface. I'he <ie 
crease* uf pies.sure, ilue 
to c<H>hng of the ga> 
when the cold ^urtav.f 
IS jntro<luced at th<‘ Ix*- 
ginning is small -as i*' 

,Ht*en tor txample, lu 
curve I of I'lg. 8 

Th<‘ im|>ortant ob 
scTNUtion arising from 
these cxjH'ninents is 
that although we have 
a consi<kTabl<‘ an‘a of cold surface and although the initial rate of poly- 
merisation is ver\' rapid, yet the pressure diX'S not fall to zero. This 
means that in this case we must have an iH|uilibrium Ix'twwn foniuiKlehv de 

and pKilymer. The |)osituui of the equilibrium dejxnds on the pa^ssuie 
of fonnic acid prestmt, lu'ing more and more in fasxnir vd jxilymerisiititin 
as the pres.sure of formic acid is increased. 

When, however, an clement of volume of the system, adjacent tvi the 
surface was cuxiled as in H (Fig. 7) in which a section of the capillary was 
kept cool with water, or in C (Fig. 7) in w'hich a small cxKiled space P was 
provided in the centre of the reaction vessel it was found that the poly- 
merisation was comphde and no equilibrium was ob.ser\eii. From this we 
may conclude that if the c(X>led surface is in contact with the hot gas, 
partial depolymerisation leading to tHjui librium occurs but that it the 
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cooled surface be in contact with cold gas there is no depolyinerisation and 
the reaction proceeds to cc^nipletion. 


Series V. — Experiments at 18 ° C. 


ExpcTiinents at room temjH^rature have shown that tiie })romoting 
influence of fonnic acid is as strongly marked at iH' i\ as at loo"* C. The 
rate of polymerisation of the pure gas is greater at the lower temperature 
but even so, the reaction rate is tremcndouslv acceleTated when 21 mm. 
of formic acid are added to 400 mm. of formaldehyde (see I'lg. g) and 
polymerisation is complete in forty minutes. 

In these e\p<‘rinients the reaction ve.ssel only was maintained at ivS*^ C., 
the connecting tubing and manometer being ht^ated electrically as before. 

Examination of the Polymer. - 'J'he jK»lymer which is deptisile<1 

either at 18^" ('. or at 100 ' 



1 ((- O, 


are of peculiar interest when it is rememl>ered 
acid falling progressively throughf>ut th<‘ 
be seen in the discussion of the kinetics Indow. 


t' IS a while powder in- 
soluble in \v;iier on heat* 
mg, and insoluble in ab 
coh*»l and ether. Tlu* 
.solid melts over a range 
of tern {x*ra tun', the mean 
bt'ing about i S7 ' 

It apjH'ar?* to he .>( 
sinidar nature t(.* the in- 
soluble ixdvoxymethyb 
<*n('s olesenbed by Ann- 
bach * and Staudingor,^ 

Order of Reaction. 

— An analyses of the data 
n'presented in the curves 
of big- 2 and 8 shows 
that tht' pohanerLsation 
I carte 'll Uah with tlic 
\(‘sscl at 18’ ( . ami also 
at joo < IS apjiroxi- 
inatcly of the second 
orfici. ILvamples are 
given in 1 able 11 , where 
the concentrations are ex- 
pres.sed in nim. for caJ- 
c; Illation of Abj. 

Th<' bimolf'cular con- 
stants have iK'cn calcu- 
lated from tt» jKunt 

in the curve.s. 
results when coupled with 
the data of Series II 
that thf' pressure of formic 
run, Its signihrance will 


Series VI. -rPolymerisation of Gaseous Acetaldehyde. 

In vK‘\v of thi- action of formic acid cm the jnclvnierisation of formalde- 
hyde, experiments were carried out in an attempt to find if an analogous 
reaction ucciirred in the ca-st' of acetalcleh\-de, OV).scr\-atic)n.s were made 
hotfi at 100" and .lo" using reaction vessel B (Fig. 7). It was found at 
100“ C formic acid had no effect on acetaldehyde. At 20^ however, there 

‘'^■phynJi Chrin., 1027, 12*, ,425. 
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TABLE II.* 
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a rapid shcaMng a ^miking similarity to that found with 

ftjnnaldchvdt'. At this l< m|x*raturc jnirr ac< taldtdiytio vapour was com- 
plrtely stable, whilr* the addition of f('rmic acid u]^ to alxnit 2^ mm. prc.^Mirc 
caused a rapul }>idyin< ris4ition With .1 packed vo.sel the rate p dy- 
nierisation was still greater Results are shown m l ig. 10. '['he increase 

“1 reaction velmity in the j^acked vessel is roughly in projxjrlion to the 
increa.se of surface and it is apparent that the j^olymerisation of acetaidr- 
hyde is again a her<’rogent'ous reaction. 

Although the effect of the fonnic acid is numerically not quite so ^zrcai 
in the case of acetaldehvdc^ as it is with formaldehyde, yet the cur\e> of 
Figs. 3 and li) are of the siinie form and in acetaldehyde we see the same 
tendency tor a very rapid increase in the rate of polymerisation .0 the 
pressure (.>1 formic acid reaches a limiting value. 

Series VII* Experiments with other Substances* 

rhe effect of water and acetic acid on the polymerisation ol fonualde- 
hyde at 100“ C\ was measured m the apjxiratus used in Senes I , and the 
results are shown m comparison in Fig, u. It will be .seen that whereas 
the ac^»tic acid prcHlnces an induced |x>lymensatiou of the same orxlcr of 
magnitude as formic and, tlie efiect of water is very small. On the other 
hand, exp<?runcnts with acetaUleb>^k\ show that acetic acid has im t>b* 
serN'uble polymerising effect cither at loo"" C. or C. 
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Series VIII. -Experiments with Glyoxal. 

Using monomeric ghoxal prepared by the method of Harries and 
Temme ** it was found that glyoxal in the presence of formic acid in the 

vapour state does not 
exhibit the phenome- 
non of induced poly- 
mer isjit ion shown in the 
case of formaldehyde 
but that it appears to 
form a condensation 
product directly with 
the fonnic acid. Thu> 
by addition of excess 
of glyoxal to formic 
acid a rapid reduction 
of pressure occurred 
and the pressure of 
gly(jxal then remained 
unchanged. 'I'he ex- 
{X‘rirnents wen^ not 
prosecuted in detail but 
It ap{H*an‘d tliat the 
two substances reacted 
in alK>ut equimolecular 
pr(q>ortions. 

Discussion. 

Kinetics of the Re* 
actions. 

The curve ^hown 
in Fig. 3 for an ap- 
proximately fixed ( on- 
cent rat ion of formalde- 
hydt' repre.senting tlie 
rate *.»f polymeri>ation as a tunction of the pres^urt* of formi<' a( id 
char.icteri^tic of a chain reaction. As the pre.-sure ot formic acid ap- 
proaches 35 mm., tin* 
velocity increase> in sSuch 
a manner as to sugge^'i 
that the reaction is about 
to become explosive. Tic 
form of the curve can be 
re[)resented by the em- 
pirical relation : 

Kate - 

B - (H . COOH)' 

This is seen by refer- 
ence to Table 111. 

From tlie experiment 
recorded in Series II, liow- 
ever, it will be .seen that 
the disappearance of the 
formic acid is closely related to the disappearance the tornvaldehvfle, 

• Ber,, 1907. 40, 105. 
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and that at all times during the reaction an approximately constant 
ratio is maintained between the concentrations of the two substances. 
Further, an investigation of the order of reaction throughout the course 
of a given run shows that the polymerisation remains bimolecular with 
refe renee to the formaldehyde. 

The interpretation of these facts may he readily obtained if it be 
assumed that the polymerisation occurs at active centres generated (l) by 
a primary’ process dependent upon the reaction of formaldehyde with 
formic acid in the gas phase (2) by* a branching process arising from the 
fucounter l>etweeii formic .icid and an already existing centre, and 
♦ xtinguished by tiu-ir reaction with formaldehyde. 

'Dnis, writing {u) for the stationary concentration of <’entrcs wc 
oK)tain 

A’j (acid) (aid) - Ay/; acid) — A3w(ald) -™ O. 


Wluuo'e 


//i(a<^id‘^;'ak!? 

< 4*3} (aid) — A,! acid; 


(0 



riie rail' ol polymerisation of aldehyde is given by Aim aid . 


Whence 


d ,.tld j A|A|{acid d»ild)* 

d/ Ajpild) — Aj^acid) 




This eqiuition is in agreement with the empirical exprc^^K^n oblaaud 
Ironi the results of Series I for a constant pressure of formaldehyde. 

Assuming that a molecule of formic acid disappears at each formation 
of a new <‘hain, by the branching process and ignoring the comparatively 
-mall removal by the primary reaction, the rate of loss of formic <.cid is 
given bv 

— A, (acid) ■ • ' 
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Dividing equation (2) by equation (3), we obtain 

d(ald) ^ 

il(ucid) k^i^cid) 

Whence by integration 

(aid) 6’*(acid)*'«^^‘*, 

and thus that if 


A- 


I 


^•3 


(aid) r(acid) 


( 4 ) 


in aecordaiK'e with the results t»f Series 11 . 

By combining expre.-^sionN (2; and (5) for any f>ne [>artit'ular run, we 
obtain 


dt 


( L ~ A' 


dald'|3 


Thus it follows th.it the order of tl\e poiyineri>ation reaction i- .ipproxi* 
mately biinolecular in accordance with the data of Tables II. and ill. 

From the experiment ^ of Scries HI. in a {'<»mpletelv heat(‘d system, r 
is clear that the rate of depolymerisation is greater rliaii that of polymeric., - 
tion, for no fall of y)r(‘s>ure eould be observed even with packed vessel' 
and higli prc'^surc ot formic acid. Upon the introduction of .1 cooled 
surface, however, the polymerisation reaction inim<‘diately took y>l;t< r 
It this cooled surtace was exposed to tlie luanbardnient id the hot gu' 
partial depolymensation occurred, and thus an equililiriinn pressure wa-- 
reaciied ; but if the cooled [portion wa.s isolated in a side capillary, tlieri 
in this part there was no (iepf>!yrneri''ation, and reaMion therefore pro- 
ceeded TO compktioiu 


Mechanism of the Process. 


Staudinger lia^ vi''!iali>ed the iiutiitlii^n of chains in aqneou^ "oKc-nt' 
as dependfMit on the primary firoduction of dihs'droxynietiiylene troin 
formaldehyde aral Water l iie < hains are proyiagatrd in flie following 
manner, with, the pruductiori itf polvoxvrnethvhuic'v . 

(r. Hn.CIL.uil HCHt) H< ) , ( H. . U . if U . nff. 

(2; III ). CH, . <4 . LIL . OH - fK’llO HO . d n» , . LH^OH. 

(n; HO. LIUjH ^ IK llo ^ f KH (('1 ^ , o, ^ . CH^ . < dl. 


\\e con.’Hve that in f»ur (a^e the 1 unction of the formic acid i" to generate 
in the gas phase a ^'ompoaiid aiiaiogou'' to the dihydroxvrnethylcne, 
nanielc tlie nionofurrnic ester of diliydroxyrnethvlene represented bv 
the equation : 


cndl^oH 

H . coon -r ii( Ho t)/'^ 

\. 

H 


From tins polymcn^.ition cli.un- imh gro^ l>y Uic ri-.n.tion ol tlu’ hvilroxvl 
group, and tin- produft will .(.•punilc at tlio cold surface of the 
riiis constilntcs the primary pr.., f- referred to above 
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It will be oi)served, however, that instead of the addition of for- 
maldehyde to the polymerising chain, an addition of formic acid may 
occur, and this process will produce two terminal hydroxyl groups. 

/ 

0 . « .( HjOH HO O . fC H, . ())„. , . C H 

/ 

(X) , OC OH 

/ \ 

H H H 

From cacii <if the^e hydroxyl groups a new chain of polymerisation can 
be propagated. In this way, we may visualise the branching mechanism 
referred to above, m which a formic acid molecule is removed by reaction 
with a centre of polymerisation and generates two new centres thereby. 

If the probabilities of the fixing of formaldehyde and formic acid by 
♦he polymerisation process are roughly equal, the requirements of equation 
are fulfilled. It will ilien tollow that the pressure of formic acid 
rt'mam> approximately proportional to the pressure of formaldehyde 
throughout the cour^e of a gi^en run. 

l‘he exlint'tion of the rea'-tion centre.- was represented as dependent 
on formaldehyde in terni-^ of an alternative reaction between the centre 
and an aldehyde molecule. This would occur if instead of the formation 
ut j,n adfiition * ompound a condensatuui product were produced. 

> » < n , 0 1>« »H o ,(H, o x lF ^lb> 


H < H« » - < ic 




H H 

In thi^ la-'’ ib.e al<ieh\de group itTniinaie> the chain, which in the 
absence of the h\'dri>xyl group, cannot be propagated furliitT. 

'Fhiv me< hum-rn taithtullv > onlorm- to the requirements of the 
k'.nclh. iiypotheM- developed above. It re{, presents tile starting and 
ikfauching ot rea< non chains dependent on formic acid and tiieir 
r'Xttri' tion tlepcudent liu* formaldehyde. In addition, it introduces 
into the mechani‘'m <M Staudmger r^r the iormaiion of Lirge polyoxy- 
rnethylene molecule'^ the possibility (»f the forniation of branching cinun', 
it is thn fact wliich a^'counts ti*r the enormous promoting activity of the 
tormaldehyde, 1 i>m}>arcd with other polymerising agents which arc 
only able to initiate -traighi ciiain'-, without the possibility of branching. 

A proct of this kind would tend to give riM*. to thread-like moKaule^, 
branthing at mtervui-^c and ultimattdy if the growth continut^i long 
enough to an intertwined network. This structure niiglit be M>ii- 
-idcred a ba‘*is for ilie gel lormation in monomeric liquid lormalde- 
iivde described by Spence,^ In this connection, it is also of interest that 
Spcncc h«is described an apparent explosive polymerisation of the Uquid, 
with evolution of heat. Such a process must undoubtedly occur by a 
luamhing chain mcchani.sm, and on the above theory would be readily 
catalysed by the presence of formic acid. It i.s signifuaiu that Spence 
tound that the stability of monomeric liquid fonnaldchyde depended 
upon lU freedom from oxygen, and since the interaction of oxygen with 
formaldehyde undoubtedly tends to produce lunnic acid, it is tempting 
to conclude tliat the stabiiity of the liquid is in effect bound up with 
freedom from tormio acid. 
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The rapid polymerisation of formaldehyde by acetic acid and of 
acetaldehyde by formic acid (Scries VL and VII.) has been shown to be 
apparently identical with the polymerisation of formaldehyde by formic 
acid. It will be seen that simply by the substitution of CH3 for H in the 
formuhe, the kinetics of these reactions may be explained by an entirely 
analogous mechanism to that developed above. No polymerisation, 
however, is induced by acetic acid in acetaldehyde, and it may be con- 
cluded that the hrst stage in the chain is unable to take place, and that 
there is no tendency to form an addition compound between acetaldehyde 
and acetic acid. With glyoxal, on the other hand, some sort of com- 
pound with formic acid is clearly formed, but there is no propagation 
of a reaction chain, a circumstance which might be explained by the 
absence of a hydroxyl group in the structure of the product. The 
matter, however, awaits further investigation. 

Summary. 

1. It is shown that the polymerisation of monfuneric formaldehyde 
vapour both at loo"^ and at 18' ('. is subject to a marked pn^motion by 
the presence of relatively small (juantities of formic acid. 

2. As the pressure of formic acid is increased the rate of polymerisation 
at 100^ C. increases to such an extent as to indicate that it will become 
infinitely large at pressures of formic acid l^eyond alx)ut 40 mm, 

3. The formic acid disappears during a given run at a rate whu h 
throughout is nearly proportional to the rate of remo\'al of fonnaldehyde. 

4. During a given run the polymerisation is bimolecular with reference 
to the formaldehyde. 

5. With a vessel completely heated to 100^ (', there is no jKdymerisa- 
tion, even with 30 mm. of formic acid. 

6. The process is hetcrogenerms and occurs at .some element of cold sur- 
face. If the cold surface be surrounded by a volume tdement which ts aIsM 
cold, the pohunerisathm goes to completion If. howevtT. tin* cold surtax 
be exposed to the Ixirabardment of the hot gas there is sufficient dejxdy- 
merisation to cause an equilibrium. W hen the whole surface is at km) ( 
the rate c>f depdymerisation is so much greatt r than the rate of polynu risa- 
tion that there is no measurable reaction. 

7. Similar results are obtained witli formaldehyde^ and acetic acid, 
and acetaldehyde and formic acid, but with acetaldehyde and acetic acid, 
and glyoxal and formic acid there is no polymensiition. 

8. Tile above results are explained on the basis of a branching chain 
mechanism in which the formic acid is resp(msible Ixjth for starting and 
branching the chains, while the extinction of chains occurs by an alter 
native reaction with formaldehvde. 

9. The process may be vi.sualised by an extension of the theorv of 
Staudinger in which polyoxymethyleiie chains originate from the bvdroxyl 
group of the formic acid. The high elficiency of the formic acid as a pro- 
moter is then explained by its addition to the polyox y methylene chain, 
with the production of two hydroxyl group.s and con.sequent branching. 

10. The liearing of these results on the polymerisation of monomeric 
liquid formaldehyde is discussed. 

We are indebted to the Department of Scientific and Indu'itri^tl 
Research, and to the Governing Body of Emmanuel College, Caml>ridge, 
for maintenance grants to one of us (J. E. C.), and to the Royal Society 
and the Chemical Society for gnmts for apparatus. 

Depi. of Physical Chemistry^ 

Cambridge. 



RECENT INVESTIGATIONS INTO THE DRYING 
OF OILS AND RELATED UNSATURATED 
COMPOUNDS. 

Bv R. S. Mokklll and W. K. Davis. 

The cliciniccil and physical change.- tliat occur during the drying 
an oil can be studied witli greater accuracy in pure compounds of suit- 
able structure than in the complex mixture of glycerides found in th.e 
natural oil. 

Two classes r>f complex formed from maleic anhydride and a and 
^ eltroslearic a? ids and their two re>pective triglycerides have recently 
ht'cri the subject of an investigation which has thrown further light on 
the “ drying ” process, A pn hminar\^ observ^ation that the mab ic 
anhydride* cniTipound of ela‘ 0 <tennn would set to a hard film in about 
t\M'lve liours at room temperature or one hour at KX)*^ C., whilst tlu* 
f orresponding maleic anhydrioe compound of x elseo.stcarin remained 
duid fur several week^, suggested these corn[)Oiinds .is a profitable field 
of investigation. 

C'ornbination between maltic .inhydride and x and ^ elaeostCc ri.' 
sit ids or their triglycerides can be carried out <]\h5ntitatively to gi\ c 
'.ompfujiub of the following structured 

c:h - c H 

/ 

CH,iCH2),.CH iH CH CH . .AH.),COOH . . T. 

CH— 

1 I 

CO CO 

\ / 
o 

a thr*>steanc Tiialeu anhytlnde comj)oii!ul. 

CH t H 

\ 

CHj-CH,:, . CH CH . CH CH . {CH,.,COOH . . TI) 

CH—CH 

I I 

CO CO 

\ 

o 

p i iaposteanc acid maleic anhydride compound. 


It is of interest to note that with a and ^ claeostearic acids two 
possible (umbinations with maleic anhydride exist for each i-somer. 
Since the add contains three conjugated double bonds either of two 
pairs might react with maleic anhydride according to the Dieis-Alder 
system.* Actually only one combination product is formed for the 
a acid and one for the fi acid, there being no experimental evidence for 
the exi>iciM>' of mixtures. Kxaniination of the atomic models of ?hc 

' Murrell and Sainm b. J.C.S . -1251. 

* 1 7. Farmer, Anti. Chem. XV . SS. 
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eight possible cis : trans isomers of this acid shows lliat on the assump- 
tion that stearic hindrance occurs due to the terminal hydrocarbon 
ciiains, the carboxyl groups and the hydrogen atoms, the following 
types of combination are favoured structurally : — 


Isomers of elaostearic acid 
C -- CIS ] T trans. 

T . T . T. 

T . C . T. 

T . T . C. 

C . T . T. 

T . C . C. 

C . C . T. 

C . T . C. 

C . C . C. 


Type of maleic anhydride 
addition compound. 

Mixture of a and p compound^. 
Mixture of a and p compounds, 
a compound possible 
compound possible, 
at comjxiund most probable. 
p compound most jirobable. 

Xo reaction likely. 

Xo reaction likely. 


I:i the abuvo table an a compound I* is designated a- (»ne m uliit 
the two ctlienoid linkages most remote from the carboxyl radical are 
involved in the reaction and a jS compound (II) that in which the tw-. 
near to tiie ('arboxyl radical react. 7 . and fi ch'eo^teanc acid> gne, 
therefore, typical a and ^ maleic anhydride comp<»niub rr-^pe('ti\ el\ 
and on this evidence the a acid is probably ot 'f. C. i\ ami the 8 of {'. F. '1 . 
frtrueture. 

Oxidation experiments have beei. undertaken \sith .'‘olution- o: 
these comp<-)unds whereby the amount of oxygen absorbed by the eom* 
pound was followed conjointly with determination.^ ut peroxide vahu . 
iodine v^alue and viscosity, the last being a me<ins ol tollowing tiir 
as.-(>(. iaiion of the oxidised molecule-^. I'he tinal oxidation pn^due: 
after i.solation from the solvent, was >ubjected to a more exliausriv* 
chemical examin<ition to (onfirm the -trn inre oi the oxidised niole«‘iile 


The choice of a suitable solvent a medium for thc.-^e exp>enmenl:5 
became a matter of great importance. Preliininar\’ work showed that 
the amount of asscKiation consequent up<m oxidation was closely related 
to the polarity of the solv^ent. F^olar solvents were shown to restrict, 
whilst non-polar solvents favoured, molecular aggregation and in liquids 
of low dielectric con-stant, such as carbon tetraclilonde and benzene, the 
majority of the oxidation product was precipitated as a gel within a few 
hours of oxidation. Glacial acetic acid and certain polar s<dvents, how- 
ever, restricted the aggregation sufficiently to irtaintain a soluble polymer, 
glacial acetic acid being the most favourable for exjH^rinnuit. brum the 
experiments in iion-poiar solvents was revealed the ]>roj.)eriy of a pre- 
cipitated gel to carry down with it any metallic catalyst us«?d to assist 
oxidation. The oxidation pn>cess invariably came to a standstill after 
an oxidised gel had been jirecipitated and only rt’commeuced on further 
additions of catalyst. Whether chemical or physical forces are resjx)n.sible 
for this addition of the catalyst to the .gel has not been decided, but 
adsorption forces would seem to be indicated. 

Oxidation in benzene solution could only be carried out when catalystMi, 
cobalt saRs being the most suitable for this puqxise. Oxidation in glacial 
acetic acid pr exceeded without the aid of a catalyst and only towards the 
end of the oxidation was the presence of a cobalt drier '' advisable to 
complete the oxygen absorption. It woi Id seem as though in Ixmzene 
the molecules were so oriented at the liquid gas interface as to have their 
reactive centres buried in the hquid away from the oxygen and one of the 
funcrions of the catalyst was to redispose this arrangement. This orient- 
ing influence of metallic bodies Ls considered by P. Slausky where he 
advances the theory that basic catalyst .such as 'lead oxide will draw the 

^ Lhem. Um^chau,, .^77. 
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glyceryl radical of a surface molecule inwards tow'ards the body of the 
compound thereby exposing the uiisaturated acid chains to oxidation at 
the surface. In contrast is the function of carbon black, which becomes 
adsorbed on the unsaturated acid chains and holds them inwards away 
from the surface and in consequence reduces the amount of oxidation. 

The so-called autcxatalytic oxidation was noticed in all the experi- 
ments and the oxygen absorption /time curves w ere of the usual type for 
this process. 

The final oxidation products of the p compounds (acid and glyceride' 
were such that both ethencjid Imkag<\s acquired tw'o atoms of oxygen each. 
These two oxidised linkages w ere nevertheless markedly different in char- 
acter, that in the aliphatic chain section of the molecule being peroxidic in 
structure, while that in the hydrolxMizene ring showed a tautomeric equili- 
brium mixture of keto-hydroxy and di-hydroxy forms, i.e. 

-co-cmnii C(OH)— 

I hr tornuil.i nf i (uiiph rrh. rheo-trahc a* id rnalcir aii- 

h\ Uidr ('OTUpouiMi i- 

( a)Ht Ci<Ub - 

() (*r THp.iH' I 

i i 

( U,', (H t H I I! i l{ . »H : 

, t H (II 

I U > ( u 

! \ 

(J 

Tht Mxidi^id gi\«rrKi*- ha' u urrr.'piMnling structure. 

I roiii examinalion of the ^^^raph'* ut the oxidation proce^^ tiic 
parnxiric radical appeared to lie mainly, it not solely, responsible for 
(hr molecular association, 'Fhe curve in Fig. I shows how the final 
c'q r.librium condition (cf the oxidised solution of ^ elaeostearin maleic 
auiiydride compound in glacial acetic acid was reached by way of 
related changes in unas.sociated peroxide content and viscosity. A> 
tile 'inassoriatrd pc*n*xidc content iVll, i.e., the peroxides associated, 
the visco.sity ro.sc until a final e<|uiljhriinn condition was reached < "n- 
wirrently in hotli properlie>. 

'Idle X a< id compound confirmed the hypotluvsis that the periixule 
radical was solely responsible for association at ordinaiy* temperatures. 
Here, only the ethenoid linkage in the aliphatic chain would oxidise, 
the product being of kctoliydn»xy structure ( — CO — CH(OH) — ) and 
umi>,'»ociatcd. No peroxide could be delected. The absence of mole- 
cular association amply evidenced from (l) the unchanged viscosity 
of the oxidised and unoxidised solutions, and (2) molecular weight 
detrnuinatiiMi'' by the ^ ryo^/ opie motliod on the isolated rxid,Ui(»n 
ju'odurt . 

Tin* stnu tore of tia- oxidi-'ed X acid compound : 

N, 

CH . CO- !CHc,COOU 

1 I 

CO CO 

\ 
o 



CH.iCliPs . CH 
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The triglyceride lias a corresponding structure. 

The stability of the peroxide radical in the jS glyceride compound, 
when produced at ordinary temperatures in non -polar solvents, is notable. 
The peroxide value remained unchanged at the theoretical figure for 
one peroxide grouping per molecule for 12 month.s, (The difference 
in the peroxide values of gels produced in polar and non-polar solvents 
is referred to later.) 

The marked restriction that polar solvents have on tlie iis.sociat ion 
of the oxidised compounds has been mentioned on page 210; the 
influence of the solvent, however, extends further than the rate of as- 
sociation and has been shown to affect the properties of the gel formed. 

The important connection between the fall in free [KToxide content 
and the rise in viscosity, previously described, \va< only characteri'-tic 


^ Figl 



of the association proce-is wljen taking place in a polar >olveiU. 1 hose 
gels, which were rapidly [)rt cipitated from non-polar >olvent'« su» h as 
carbon tetra-chloridc and benzene, gave a theoretical figure for one 
peroxide grouping at each of the “ remote ( hain cthenoid linkages 
and showed no .such fall, it wa.s Hear, therefore, that the f>ero\ide 
radicals in these rapidly formed gels were not combined in the same 
manner as those in the polymer-^ produced in polar solvents, and re- 
mained comparatively free, h is possibb^ that in the complexes pn*- 
duced slowly in polar solvents, molcf ule is linked to molecule by pnntarv 
\alency forces operating at the peroxide radicals, such a combinatitm 
not being broken down by the reagents used for estimating the free 
peroxide content, but later experiments have provided another explana- 
tion. Those gels, however, produced rapidly in non-polar solvents 
and precipitated as such, arc of ih^ character of molecular aggregations 
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in wJiich polar forces or secondare' valencies are tlie binding influence. 
The full complement of peroxide is given as a result of degradation of 
thi^ polar aggregation by the reagents used in the peroxide estimation. 

It is as yet too early to characterise in detail the nature of these 
secondary valencies, but evidence is accumulating from many source^ 
to establish ilieir importance in all types of resinification of which the 
drying oils and synthetic resins are but two classes. 

Transition from polar aggregation to the true polymeric state i.s nor 
effected easily at ordinary temperatures so far as the gels from the 
maleic anhydride compounds are concerned, a characteristic indicated 
by rJie polar aggregations retaining their complement of free peroxide 
iinr!uing<*d for 12 numtli-. 


Iwo Maries observations may throw light on this transition from 
pular aggregates to true jx^h-rners In the first series, the peroxidic polar 
agyrt-gate from carlwm tetrachloride uas heated with glacial acetic acid 
vit ioo for several hours From the solution a brown amorphous 

substance was obtained whov* {x-roxulf* value had fallen from 3*50 per 
cent- 10 0*8 {>er cent, and on cinalyM> sho\sed a marked increase in the 
rcentage of carlxin. In th«' Si'coiul senes the same pale yellow gel was 
le ated alone at i u» ' for ix hours m an inert atmosphere after which 
thr f*ero\ide value had fallen to 0*30 per cent Analysis of the brown 
'^ei gave a rise in v^arbon jHTcentagt* which corrcsponcicd quantitatively 
to th<‘ loss »»i jxToxide owgen Thr conclu.sion drawn is that on stoving 
a iw roMde lilm of a drying < il. loss of actue oxygen ensues and there is 
a linkage* of molecules of the gly<eri<le through the remaining oxygen 
, t 'TiH to Firm condensation polymers. Tin arrangement of these chains 
as y«'t nnknt»\vn fins asMHuation is of a ditferent to what incurs 
\Oeui a drying oil film sets at ordinary tcmjx^rature to give peroxides, and 
represrnt the charactt'r of siu h a rilm on stoving. 
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d'lir slow tall m the ptTuxido value and tlie corresponding rise in vi-- 
^t^.sity as given in f ig. I may indicate that gradual decomposition 01 
the pcri^xiclf oc« urs in glav.ial acclic acid, and associated oxides, po>sibi\ 
of a cliain character are formed with an increase in viscosity of tb.c 
stdulion. This aspect seems moiT jirobablc than to put for^vard th.d 
< litun polymers of pt^roxides are formed. This explanation would nccouii: 
for the improved durability of stoved hlms and for the gradual dis- 
appearance of “ bloom,” which has been shown to be dependent on tlic 
presence of pcroxiiJcs/ 

At ordinary temperatures the disappearance of the peroxide very 
slow, and even at 100" in glacial acetic acid is not complete after 
several hours' heaimg. 

These results explain tlie difference in the drvdng time of the malnc 
anhydride compounds of x and fi elaeostearin, and it seems clear tl\a: 


* X. K. Adam and Momdl, J.S CJ,, 1934, 53* 255T. 
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THE DRYING OF OILS 


in the drying of an iinsatu rated oil the position of the ethenoid linkages 
in the characteristic acid is of primary importance in deciding the 
speed with which a hard him is formed. Ethenoid linkages remote from 
a carboxyl radical oxidise to a peroxidic condition and in this form are 
responsible for the molecular association of the compound. Ethenoid 
linkages relatively near to the carboxyl radical oxidise to a non-[>er' 
oxidic structure and do not contribute to the association in so far .is 
ordinary temperatures are concerned. 

It should be mentioned that the “ remote ” chain ethenoid linkage 
in the compounds is by far the most active towards oxygen of an\‘ of 
the linkages in these compounds. B. Hughes^ has examined films 
of these maleic anhydride compounds by surface potential methods 
and has shown that the induced polarity of the double bond in the ch.un 
can be traced from the anhydride radical. This induced poi.*rify 
accentuates the intrinsic polarity of this bond in the case of the com- 
pounds and depresses it in the case of the a. Similarly the ring etlienoid 
linkages would be subject to the same intluence, and the complete in- 
activity towards oxygen of the ring ethenoid linkage in the a compounds 
is explained thereby. 

The chemical and physical investigations of these compounds are 
therefore m agreement. 


Summary* 

The combination of maleic anhydride and % and ^ eLetwteaiic nis 
arid their corresponding glycerides has been investigated further.'* 

(i) Examination of the atomic models of the eight possibh' isonn-nc' 
forms of cla*ostearic acid and a consideration f»f their reaction vs itli inalo:,. 
anhydride wcnild assign to the a elapo.stearic acid the arrang('mf’nt id the 
three double linkagc> as T — -C. and to the eki»ostcane acni the form 
T. 

\ 2 ] The oxidation of the maleic anhydride compounds of a and ^ ekeo- 
stearic acids and their glycorifle^ has I’H'cn studied, 'fhe intiuenc<’ of 
polar and non-polar sedvents on the molecular aggregation of oxidation 
products was noted, and especially the action of ('*xidation catalysts m 
those media. 

Only in the case of ^ elafostearic mahuc anhydride compounds wero 
peroxides produced at tlie remote double linkages. In the case of tlu- 
a compounds tautomeric keto-hydroxy comjx>unds were fonned and tlu' 
ring double linkages were not attacked. In the case of the p comjKiuntis 
the ring double linkages wito oxidised to the keto-hydroxy fonn. 
ation of the peroxide was shown to taike place, but no assrxiation CH:curr» (l 
m the case of the a comjxjunds or in the ring double linkages of thf fl 
varieties. 

(3) The association of the peroxides hirmed in non-fx>lar solutions is 
that of molar-aggregates due to the potential of the remote double linkage 
together with the addition f)f the strongly polar peroxide group. 

In the polar solvents p compounds show association due to combina- 
tion of primary valencies from the ^HToxide groups as indicated by the 
increase in the viscosity of th(‘ jwilutirm correstxmding to a fall in peroxide 
value. 

(4) Ihe character of the associated r>\vnH " has l>een investigated, 
especially the action of solvents on the as-fciaicd *' oxyns and thnr 
behaviour on heating. 

‘/.C.S., 1933. 33 ^J- 

« Morrell and Samnels, yx ..S'.. 193^*, 2251 ; Mc^rrell, Marks and Samuels, 
J.S.C.L, 1933. 5 ^. L3oT. 
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It has been found that tin* peroxide oxyn formed at ordinary tem- 
peratures undergoc'S decomposition wjth loss of peroxide oxygen when 
heated either alone at no"* C . <,t in glacial acetic acid at the same tem- 
perature, indicating the formation of yKToxide free condensation products. 
An explanation of the changes (rt:cumng during the storing of drying 
'>il films is advanced. It is probable that the slow fall in peroxide valui* 
accompanied by increase in viscosity in polar solvents is due to gradual 
decomposition of pcToxide aggregates to gi\’e chain-like polymers of 
o.xides ; this would account for changcis occurring in the ageing of dr\'ing 
oil films and in the disappearance of “ bloom," which is ascribed to the 
presence of free peroxide groups 

{ 5 ) In view of the fact that the properties of the p elaeostearin maleic 
anhydride comjxiund are so similar to those of oil varnishes, especially 
Fung oil, and that it is ivossible tc» obtain these compounds in a pure form, 
It is hojxHi that many of the diliicultie.s m investigating dr\"ing oil systems 
may be ov^Tcome. The results give-n in this and earlier communications 
favour such anticipations, 'i ht' ^xwdy of the oxidation has shown that 
the rate of oxidation as well as the character of the product are closely 
connecleci with th<* structure of tile oil and esjx-cially with the position of 
the double linkages m its constituent glycerides. 

(O’- Of special interest is the observation of Hughes on the marked 
diflerencf N tween the surface f -tentials of the a and /9 maleic anhydride 
comjHjunds, which shows how ilv‘ polarity of the double linkages have 
increafitrd or d*" .rea.sed by the attachim-nt of the anhydride group. 

{ 7 '- '1 he valuable colhil>oration < f Professor Rideal and Mr. Gee by their 
use of stnrtlv physical nielluxis has giwn results which correlate chemical 
and physical nutho<is, s(» that the runclu.sions acquire a strength which 
either inetluKl alone uoultl fail to oPuiin. 

The study of th<’ nial^ u anlivdrule c'>nipounds of othtT drying oils 
and thc'ir acid*s is in progress and u hoj>fd that further Cv'llaboralion of 
cheiiucal and physn,al met hoi p. v. f-l I c po^slbk^ 

i’h< .mtiior" wwh to thai.k » M*\err*nv nr t.lrant PumniitTee ol ili*' 
i\o\nd and Imo' rnd ^ iiM'.n .ii huiustrics Ltd. for graiit^ 

.n .ihl ot the research, arm I‘i — r \V. N liawortli. F.K.S., and the 
hniver*'!: v‘ oj pjrnitngliani, nr niing :'..:htics for cnrp/ir.g out il«c 
■aork. 


( 'in ViHStry 
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OEXEKAL DISCVSSJOX, 

Dr. N. K. Adam said: The evidence actually given by Mr. 

Gtv in this jXiixT setuus to me msutneient to justify the view that the large 
increase's in area which he has followed in detail are due to jvolymensiition. 
or combination In^tween adjacent molecules in the film. It is evident that 
a rather complex reaction is excurring, but 1 suggest that, although 
}.K)lymtTis:iti<ui mav' Ih‘ the cause of the gel-like elasticity observ'cd in the 
final films, it is really oxidation which gives rise to the incre*ise in area. 
My reasons for suggesting this are mainly that in all oilier known cases 
where oxidation <d an unsatumted group in a hydnx^arbon chain tvcciirs 
at a point remote from the end group which forms the main anchorage to 
the w'ater, the nu>lecules tilt over at a greater angle to the vertical, thus 
occupying a larger area on the surface. It is not easy to sex' how mere 
combiiiation btdwtvn adjacent molecules would produce this increase of 
tilt and a larger area. The inhibitorv* action of hydroquinone on the 
increase of area scvms to me most easily explained on the assumption that 
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it inhibits oxidation, not polymerisation. It may l>e, and probably is. 
the case that oxidation, once it has reached a certain stage, assists the 
polymerisation, but I would like to see much more evidence that the 
various reactions mentioned in the scheme at the beginning of the paper 
can be distinguished and studied separately. Perhaps Mr. Gee is in a 
position to give us some of this now. 

Professor K. H. Meyer [Genthod-Geneve) said : It is well known that 
traces of superoxides accelerate the polymtTisation of unsaturated com- 
pounds. Consecjuently any antioxidant such as hydro<]uinone which pre- 
vents the formation of supi?roxides inhibits also jxjlymerisation. 

Mr. G. Gee {Cambridge), in reply to Dr. Adam, said : The suggestion 
that the experimental results can all be interpreted on the basis of a serieN 
of oxidation processes is one which has already bct*n carefully considered ; 
but the conclusion which was reached is that no such mechanism is capal>le 
of giving an adequate account of the observations. There is, furthennf>re 
no a prii*ri ditliculty al>out the conception of a two-dimensional ix>ly- 
rnerisation process, and it is significant that M(»rrell and Davis working 
independently and by purely chemical methods on the bulk oxidation ol 
the same material have arnveil at a mechanism which does not difUT 
signihcantlv from the one presented here. A detaile<l account of tlir 
«‘xjxriments is to be published shortly, but the evidence that \vt* have t'< 
(leal with true j>olymensation processe.s may lx* summarised briefly here 
!o The results of a very large nurnlx'r of reaction velocity determina- 
tiun>, showing excellent ex{X‘nmental agreement, demonstrate that th»‘ 
two processes identitied as oxidation and |K>lynierisation stages are entireh 
diherent kinetically ; the effect of presMire on these tw(» reactions is in 
the opposite sense, the oxidation Ixung retarded and the {xdyinensation 
accelerated by ris<‘ of pressure. These observations are in complete accord 
with the retardation of surfac(‘ oxidation by pressure found \>\ Hughes 
and Kideal : and with the well-known accelerating intluence oi pres.Hure 
on fKjJynierisation in the bulk pheise. 

Ill) The etiect ot diluting the film with \an<)iis (‘sters ethvl mynstate, 
methyl linoleate, edhyl linolenate, and methyl ^-elaeostearate is dittt- 
cuh to under.stand on any basis other than the one given in the text, 
The him is not ci»llapsed. and its area and }K)lential (corrected for the 
contribution of the e?>ten are practically unchanged by the dilution 
l urtherm<jre, a simple change in orientatuui would lx* revealed by a change 
in the o\idaiion rate th\'\ is not observed 

(iii) The oliserved area changf*s show that considerable mohxular 
re-<jrientation must lx involved Now’ since the coinpressH.ui the 
molecule uiul(‘r the conditions required for jxdynieri.sation is such that 
the double hoiul already located in the surface, it is imjx;ssible to s<‘e 
Ik.w any major area changes Kjuld result from a simple o.xulation Study 
of a molecular model reveals that the formatifiii of oxygen bndg<*s IxTw'een 
the oxidised double b(»nds which are located immediately aD>vt‘ the 
double ring sy.sterns formed by the maleic anhydride residues - must 
cause the molecuh^s to incline outwards from the point of attachment 
Ihis distortion will nece.ssarily result in the ni<4ecule.s occupying a larg<»r 
area on the surface ; and the* expansion will increase rapidly with the 
growth of the jK)lymer. 'this factor is probably ini|X)rtant also in r<‘stnct 
ing the size of polymer which can be formed. It may be noted, in support 
of this view, that ^-ehuxxstearin d(x^s not show thesti large expansions, 

(ivj The physical characteristics of the final film are admitted by Dr. 
Adam to suggest the presence of polymers. It should lx? empliasised 
that the production of these viscous films is so intimately bound up with 
the extent of the expansion that one can only conclude that the area change 
is actually produced by the polymerisation, 

(v) The inhibitory efiect of hydroquiiume is not surprising, as anti- 
oxidants are frequently inhibitors' for polymerisation also ; the mechan- 
ism of catalysed and inhibited pjlyrnensation is as yet inifierfectly 
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understood, and the fact that hydroquinonc inhibits a reaction is no 
sufficient criterion on which to decide whether the reaction in question is 
oxidation or polymerisation. 

Dr. N. K. Adam (London], in reply to discussion with Professor Kurt 
Mi;ycr, communicated) : The fact that hydroquinonc sometimes inhibits 
polymerisation in bulk does not prove that the area increases in the mono- 
molecular films arc due to polymerisation ; after all, the commonest 
action of hydrcKphnone is to inhibit oxidations. Further, is it not likely 
that, where hydrcKiuin<me inhibits |x>lymerisation, it does so lx;cause it 
inhibits the formation of those oxidised compounds w’hich so often seem 
to act as catalysts for the polymerisation of unsaturated comptiunds, 
t.c., that even in the.se cases, its action is essentially anti-oxidative ? It 
may |x*rhaps l>e v<Ty difficult t<j separate oxidation from pol>Tnerisation 
reactions in these drying oils ; but the importance of doing so, if possible, 
is v(*ry great. I am very glad that Mr. Ciee is following the course of 
th<*se reactions in the mon«imolecular films, where the orientation of the 
m(*le( ules can easily l>e determined ; but 1 am anxious to see more con- 
vincing pro<d that the changes in area are really due to polymierisation 
insteati of to oxidati<m. for oxidation would apj>ear the simpler explanation 
t»f ar<*a increases, from what is known already alx>ut the behaviour of 
surfaie films (d long chain fattv compounds. 

Dr. N. K. Adam yafu* imiher communicaiion) : I am much obliged to 
Mr. c; ee for clarifying tlu* t videiu**. and als<) for being good e*nough to 
show me s<ime of the surface pressure-area curvt^s on the material in the 
various stagi-s from iinoxidised to ♦jxuhsed and pjlymeriscd. These curves 
aiford .strong adilitional evidenc(‘ Imf his theory ; the “ fully }X)l>Tnerised " 
curve IS that ol a coherent tdni at low pressures, while that of the “ stable 
istuner ' of the uiqw »lyineri.Msl ('xuhsed film is apparently gascxius at low 
pressures ; at higher pressures the curves cn»ss and it is clear that there 
\soiild Ih‘ an imreast in area, measured at medium and high compressions, 
accompanying the pilymensation. May I say that I now think he has 
made out an excellent ca-^e for his scheme of reactions. 

Dr. J. H. dc Uocr \Lnuihr’>.< n\ said’ Perhaps it may be j>ossible 
that the unstable jxroxide Xo/ doc s not change into the stable one when 
it is absolutely dry I his leads to the folkiwing suggestion. Should it 
he jHissible to oxidise the molecules X to XO,' when spread on a clean 
nu’tal surface g obtauu*d by subhmatuui in l acuo) in a dry atmosphere, 
then aftiTwards this surfen e might 1 h" rinsed with dilute sulphuric acid 
ia spread the Xtb on this hquul and }.>cThaps so the j.K«lymerisatu»n of 
XUg' could 1 k' studietl ajxirt 

Dr. E, Herrmann said: 'Fhe suggested reaction Sf heme 

reminds oih‘ very much of the mechanism pn)j>o.se<i by Iknlenstein for the 
oxidation of acetaldehyd<'. acetylene and similar comjKiumls. An unstable 
pt^roxide XO, • is formed, 1 . CH, .CTI—O, which by reaction with a 

1 t 
O O 

.second molecule X {ir. acetaldehyde) gives a stable yxToxide XO. f. 
pcrac4.'tic acid) and an ‘ active *' molecule X.* which has lx.*en designcsl a 


< Ha . CH-™ O. 


Jn our C4tse, tin* active nivdecule X • stabilises by }X)lymeris<ition. The 
parallelism is rather striking. It may be added that even in the most com- 
mon case of the autoxidation of Ixmzaldehyde there arc two known sub- 
stances XO, ; in addition to the *' norm^ product, perlH'nzoic acid, 
a preliminary cumjx>und, which is the real v.arrier of the autoxidation 
process. I'he latter accounts for the transmission of half of the oxygen 
atoms taken up on to other aldehyde molecules — and may stabihsc into 
I>erben*oic acid by a side-reaction of the autoxidation process. 
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Or. R. Spence {Leeds) said : The results which we have obtained at 
Leeds ’ appear to be in agreement with the theory propounded by Norrish 
and Carruthers. In addition to the carboxylic acid catalysts studied 
by them, w'e have found that rapid pol>Tiierisation occurs when the walls 
of the reaction bulb are moistened with sulphuric acid. An attempt was 
also made to determine the nature of the equilibrium between solid and 
gcis. Some of the polymer prepared at room temperature was heated up 
in the presence (.>f the monomeric gas and a stationary condition was 
attained at 80*^, when polymerisation and deiX)lymerisation became cH^ual. 
The nature of the gaseous product of dejx:)lymerisation has not yet l)een 
studied, but it is interesting to note that Auerbach • has found the vapours 
of certain polyoxymethylencs to consist of molecules of the typt^ (CH, 0 )^ 
where ri may l>o as large as 8. However, when the room temjK^rature 
pohuneride was maintained at 80° for 17 hours, the rate of deiM>lymerisa- 
tion became extremely small. This is probably due to conden<;ation of 
the end groups and the formation of longer chains or to the closer packing 
of existing chains, perhaps by cross linkages of the peroxide typ e* The 
chain mechanism of polymerisation advocated by Norrish and Varruthers 
is supported by other observations. Chlorine and formaldehyde n^act 
to giv'e HCl and CO. If the proportion of formaldehyde is greatly in- 
creased, rapid polymerisation occurs.* Reference may also be made in 
this connection to I..enher’s observation that the presence of one i>er 
cent, of oxygen in ethylene at 500 ' greatly accelerates the rale of |>oly- 
merisation, although in this case more than one molecule of polymende 
results from a single reaction chain. 

Dr. G. Gee {Cambridge} said, Vm reply to Dr. de Doer : 'Ihe techni<pie 
of spreading monolayers on metals hfis scarcely l»een sufhciently devel- 
oped for this method of obtaining a pure }X?roxide him to l>e immediately 
practicable. It is, however. hofK*d at some future date to investigate 
reactions in monolayers on metallic substrates. 

In reply to a question asked by Dr. Kienle : The experiments have l)een 
carried out in the main on .V/io or .V/ioo acid : water is to be a\'f>ided <»u 
account of its variable />i|, while the use of alkali introduces didiciilties in 
av'oiding contamination, and might lead to hydrolysis of the glyceride The 
possibility of using the method for the evaluation of antuixidants is very 
attractive, and exiierinients on these lines have already been carried out : 
this work is now lK*ing extemled and it is hojxxl to publish the results 
shortly. 

Dr. R. C. W, Norrish (Cambridge) said : In rej)ly to lYf)fessor Mark. 
I must state that we have nut yet investigated the at>sulute values of the 
steric factors and the activation energy of the process. The matter is 
complicated by the fact that the reaction excurs at the cold surface, so 
that it is difficult to assess the numlier of collisions made by the gaseous 
monomeric form with the reactive jx>ints of the growing chain. Experi- 
ments over a wider range (d temjxTature are, however, planne<l, and it is 
hoped that it will pnne fK>ssibIe to obtain at least a partial insight into 
these matters. 

We have not yet studied the effect of gaseous alkaline substances on 
the polymerisation of formaldehyde. 

In reply to Dr. Sjxmce, 1 should like to say that his observations of the 
depolymensation ecjuilibrium of the freshly formed solid polymer with the 
monomeric formaldehyde at 70' i \ is espx'cially interesting, and is in full 
accord with the curves shown in Fig. 8 01 our pajx’r. The fact that on 
keeping the polymer overnight no such equilibrium was observ’ed suggests 
that there is a change in the structure of the polymer on .standing, and it 


’Spence, J. Chem. Soc., 1103 : Sfienc*'* and Wihl. ibid., 1035. 33H, 506, 

Auerbach, Arb. hats. Gesundh., 22, 5M4 ; u>07. 27, 183 ; 1914. 47, 1 1(>. 
Spence and Wild, J , Atner. C hew. SfH,. m\s JI7» 114s 
^•Lenher, tbid., 193153, 375^. «7. 1145. 
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uill be interesting to compare the chemical properties of the two forms. 
He refers to the iX)lymerisation induced by the reaction between chlorine 
and formaldehyde. This could be ettected by the hydrogen chloried 
jiroduced which by addition to the monomeric formaldehyde would produce 
a hydroxyl group from which the Staudinger chains could grow . 

H H OH 

\ . 

CO t H( 1 - C 

/ / \ 

H H Cl 

We tried the effect of HCl on the polymerisation of formaldehyde, but 
th()u^'h it was positive, it was small and no greater than that of water 
vapour. {See curve in Eig. ii of <mr pajxr.^ This is readily understood 
when It is .s<‘en that according tf) f)ur mechanism, though both of these 
Ixulies tan give ris<' to chains, neither can tause branching, and it is this 
latter factor which -acctuints for the enormously greater effects of formic 
aiul acetic acids. 


MAGNETISM AND POLYMERISATION. 

By John FARorn \rsmn. 

RciTiveii 4//; 7 h!\\ 

1. Introduction. 

AhhiMigh magnetic rcse.trt h been used tosliow that a paramagnetic 
!m)U‘ciile may polymerise to fonn a diamagnetic complex, and measure- 
inent.s have In'cn made on sm h >v.-*tem^ in order to determine whether 
tiu' molecule is single or more complex, it is remarkable that very little 
u>i' has In-en m.ide ol the ( hangi* in magnetic susce[)tibility when dia- 
magnetic molecules poIymeriM*. Recently < ai>rera and Fahlenbrach ^ 
liave sJiown tliat there is a depolymen^ation of water resulting fn>m the 
^idntion ot salts, also n ha< been recognised that the change in the 
^\^<ceptibiIity ot water witli temperature results from a depolymerisation 
f fleet. It IS the purpoNC ol this paper to draw attention to the fact that 
magnet i< me.isuremenls in purely diamagnetic sysUmis can be used to 
Udlow the course of a jiolymerisation. and. in favourable circumstances, 
may be used to l ah vilatc the degree of polymerisation, i.e, the molecular 
wciglu of the complex. 

IL The Additivity of Magnetic SusceptibiUt>\ 

(I) Pascars Work. 

The exhaustive researches of Pascal* into the .susceptibility of both 
inorganic and organic compounds have shown that magnetic suscepti- 
iulity may be trc«ited a.s an additive profH'rty, Pascal was able to deduce 
magnetic cotisUnls for atoms in combination in diffen*iU molecules, but 
in order to predict correctly the susceptibility of molecules it was necessary' 
to introduce certain constitutive values depending on the types of 
chemical linkages within the molecule. 

* Cabrera and hahlenbrach, Z. Physik, 1933. 85, 568. 

• 1 ‘or references, recalculation and discussion see Stoner. *' Magnetism and 
Matter. ’ pp. 469-474. 
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Pascal gave the expression for molecular susceptibility 

Xm = ■2'»»AxA + A 

where wA is the number of atoms in the molecule of susceptibility ;^A 
and A is the constitutive constant depending on the chemical links. 


(2) The Change in Magnetic Susceptibility Resulting from 
a Chemical Reaction. 


The author ® has shown on purely experimental evidence that in 
simple addition reactions there is a change in magnetic susceptibility 

consequent on the 

TABLE I. — Change of ^fACNETlc ScscKpriPiLiTV formation of a new 
IN Additio.n’ Reactions. chemical link, aiul 


Ke^ction. 

! Cb.^ngc in M<’l«xiu!ai 
j Piam.igiietisni. 

XH, -f’ HCl - NH,C1 . 

? Fall 

4 io 

XH, HBr - > NH.Br . 

* Fall 

1-70 

XH, - III -V XH.I 

Rise 

3'M 

H,0 -r SO, — H,SO, . 

Fall 

2- 50 

HjSO, -r K.SO, — ,!KHS0. . 

I'dl! 


CH,XH, -r HLI CH, . XH, . HCl 

; l-.tU 

•F47 


cal link. If, in an organic reaction, it invc*I\'es 
— — double bond to two single bonds, then 


that this change is 
usiialK' in the direc- 
tion of a fall in mob 
ecniar susceptibility 
.ts shown in Table 1 . 

Tliat this changt^ 
is a fall in (iianuignet- 
i-m is m>t n(‘'‘c.'-arily 
('orrert beaux* Jt 
will depend largely 
on I he type < heini* 
the ciiange from a 
a<aording to Pasi ai’s 


values there will be a rise in diamagnetic susceptibility of 5*5 ► u> 


III. Magnetic Changes during Polymerisation. 

M’hen polymerisation takes place b(l\\(en t\u» molecules, B, to form 
a new molecule, the magnetic sii^cepf ibiJity of tlic new moh'cule will 
be given by an expression of the same tyjK- as tltat given by P<is* al for 
the formation of a moletule from atom-- namely, 

Xm -Xu r A 

where xi\ the molecular susceptibility of the molecule B, and A is the 
constitutive factor arising from llu* new chemical bond. If n mokM ules B 
react to form a polymer uB, the general expression for tlie moleMilar 
susceptibility of the [xdynuT will be 

X.M -•= »Xb ('* - J A 

and llie curve fjiven by plottinj' Xit n will be a straight line, 'I’he 

mass susceptibility of the coniple-K will he given bv the expression 

V • »Xit - i»- J)A 

where is the mole(‘ulai weight of the simple molecule B. In this 
expression xn* ^ constants and the curve for the change in 

mass susceptibility with ihe number of simple molecules in the comj>lex 
will be a hyperbola. A is given by Pascal’s results so that by measuring 
X, the mass susceptibility, it should be possible to calculate u. If n 
is small then it should be given with a fair degree of accuracy, but if it 

* Farquharvon. Phil. Ma^., 1932, 14* 1003. 



J. FARQUHARSON 


221 


is large it will be rather uncertain. It will always be possible to give 
a lower limit for n and thus for the molecular weight. Also, it should 
be possible to follow the course of a polymerisation process. 

IV* Following the Course of a Polymerisation. 

If a polymerisation proceeds strughtforwardly then the susceptibility 
plotted against time should give a liyperbola such as that for 2, 3*di- 
methylbutadicne in the Figure. 

In the majority of the methods u^ed for tlie measurement of magnetic 
susceptibility, it is the v<jlurne Mjsccptibility, A', which is measured and 
the mass susceptibility then found by the relation ^/p >^'here p is 
the density. If the mass susceptibility i« increasing as the polymerisation 
proceeds, wliich is usual as th<* polymerisation ohen involv'es the dis- 
appearance of one or more doui)le bond*-, the increase in volume sus- 
ceptibility will be even more marked, because in these polymerisation 
processes the den^-ity also iucrea^cN greatly. 

It is very easy to f(>l!ow change in susceptibility as the poly- 
merisation pr<>ceeds by nu'ans or the ^jouy mctliod where the suscepti- 
bility is found from the force on a cylindrically shaped specimen siis- 
peiidctl with one end between the pole pieces of the electro magnet where 
the field is uniform, and the otfier end wliere the field is negligible. If 
A I and volume su^i ej.nbilitie-^ of the specimen and the medium 

in wiiieli it is suspended, .1 th<‘ » r»o> '•ection of the specimen, and // the 
field, then tlie force on the specimen is given by 

r j/u- f<z 

Th(‘ f<uc<' i-s easily ineasurt*d by susjvnding the sptx'imen from one 
arm of a sensitive weighing baiaiue .ind i> given by the difference in weight 
with ami without the lielvl. I then gives a direct measure of the volume 
susceptibility. 

In actual practice \\h»'re a liquid is bang polymerised by heat, the 
sjH’cimen is placed in a iiniforni glas> tube of cross section alxmt 0*5 sq. 
trn,, which is then drawn otr into the Utnn i)f a hfK>k to allow of easv .sus- 
j>ensi(>n. I'he tulie may Ix^ previously standardised as to cross section and 
Mjs<eptjbility. It is inij^ortant that the column of liquid is sufficiently 
long to ensure tliat after j>olvmeri>^ition and resultant shrinkage the 
up|x^r end of the efduinn is still in a jxxsition of negligible held. 

Hy using a s^’aled tulx* it is also pc^ssible to obtain an estimate of the 
ilen.sity. 1'he weight remains condant and by ccxding the specimen to 
stiHie .standani tenijx'ratun' each time a measurement is made, and mea- 
suring the length of tlie column of liquid, it is {Xi.ssible to calculate the 
density. Shouhl the hnal pr\.uiuct of jxijymerisation Ix" a solid, care must 
lx Uiken to set' that .shrinkage d(K‘.s not leave a space Ix'tween the st>lid 
and the walls of the containing liil>e and s<» alter the crofts section. .\s a 
rule it is not neces.sary to measure the density during the ptdymerlsation as 
it is the mass susceptibilities of only the initial and hnal states which are 
required. 

V. The Change in Susceptibility of 2 , 3-dl- cir, c c CH, 

methylbutadiene as it Polymerises at t | * 

146^ C. CH. 

The dimethylbutadiene was prepared from freshly distilled pinacone 
by heating with potassium pyrosulphate. The fraction containing the 
dimethylbutadiene was dried over calcium chloride, distilled, and hnally 
ciistiUed over sodium. 
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The measurements were made by the Gouy method just described. 
The polymerisation was done at 140"^ C. Before each measurement the 
tube was removed from the heating furnace and cooled to room temj>era- 
ture. The alternate heating and measuring were continued for some days 

until the 

Force X Chcnge pol y m e r i sa- 

^ ^ JifOC t i o n %\ a s 

— - judged to be 

^ -^dO complete, the 

^ ' d i m e t h y 1 

-60 b u t a d i e II e 

' having be*- 

come quite 
VISCOUS, 'j'he 
results are 

* shown in the 

first and 
T- / second col- 

Time m hours. u m n s of 

0 ^0 40 60 SO too tia HO lahlell.and 

Po/vmeriiafion cf diamMulbutiidttne . }^} ^ * 

-oMagnefic resuit. ^eSede^i resuft »nva*n ^ 

I' 10. I. the force in 


m i 1 leg ra ni n 

on the specimen in the magnetic field. 

For comparison with the magnetic result, some results by ra*!>e(h‘n • 
are given in columns three and four of the 'fable and also in the l'igurf\ 
Lebedeff estimated the amount t)f unchanged material after dniereiu linn-s 
of heating at 150"' C. It will be noticed that there is a change of alK»ut 2 j 
per cent, in the volume 

.susceptibility and that the TABLE II.- 'rm-: foi ^ .mkkisatio.v of 
susceptibility increases .t-BiMFrnvi hltadiexk. 

steadily with the time — 

of polymerisation showing Magnetic Rnuit, j LciwJrd'. Kr.uit, 

that the p<dymerisation > i5«^c. 

proceeds steadily. — ! — 


The density was not 
measured as the polymerisa- 
tion prcK:eeded, so the curve 
for the mass susceptibility 
cannot be given, but the 
mass susceptibilities of the 
initial and final products 
are. 

Initial 

X " “ 0-670 ' IO-* 

P == 0-730 

Final 

X = - 0-7305 • I'--* 

p = 0-823 


Hnur*. 

MiUripidm l-fjrcr 
on Spwiiiicn. 

Houn. 

(» 

12-38 



5 

3*‘’5 

12-84 

L 3\3 


Li *37 

L 5*5 

iS ->5 

I 3'54 

3<>‘5 ; 


13-80 

5<'*5 

44 0 

IV03 

(>o*o 

5 ,j(» 

14-22 

(Xi*0 

eo-H 

M *43 

*33 

73*5 

14-48 

2(>4 

ttO 

14*88 


u>o 

I M '94 



14*98 


137 1 

* 5-23 



iVr Cent 
Cli<t ugrtJ 


I5*t 

,^^•4 

41 *0 

.V>*4 
01 o 
7 I-S 

7.*>*4 

87-3 

95i> 


VI. The Polymerisation of Cyclopentadiene at Room 
Temperature. 

Cyclopentadiene affords an example of a .susceptibility^polymerisation 
curve which falls with increasing polymerisation. The sub.stance was 

* Lebedeff, J. Rush. Phys. Chem, Soc., 1913, 45, I3I3» 
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allowed to polymerise at room temperature, and the mass susceptibility 
was measured at intervals on a Curie- 

Cheneveau magnetic balance. The author jaBLP' III —Susceptibility 
is indebted to Dr. Wasserman of this dc’ Cyclopentadienl 

partment for a sample of freshly di.stilled 
cyclopentadiene. The results are given in 
Table III. 

According to Barra tt and Burrage * cyclo- 
pentadiene polymerises fairly rapidly at room 
temperature to dicyclopentadienc and la 
small projKirtion of higher polymerides, and 
any further polymerisation takes place 
slowly. The magnetic results are in agree- 
ment with this view, but the \alue 
— o bHo > iO“‘ cannot I>e tciken as tliat of 
the dimer Ix'cause the s<impie was still liquid and contained unchanged 
( yc lojKuitadiene. 

VII. Further Examples of Change of Susceptibility with 
Polymerisation. 

(1) Cyanogen Chloride. 

('yaiUigen chloride was prepared by the method of Price and Green * by 
the action of t hlonni- on H('X. It was puriht d by distillation over sodium 

bicarixmate and zinc t)xide. The 

" substance wiis redistilled immediatt ]y 

I ^ " z ’ l>c‘ft)re measurements were made. 

' ““ - C yanogen clihiride jxilyrnenses readily 

CNc'i . . j I in the presence of a little HCT to give 

< j ‘ the white solid |X)lymer cyan uric chlor- 

^t’NC'l),, . v''ri I .4.5<i5 u\v. The results are as on table opjiohite. 

< The change in susceptibility when 

thn-e molecules of cyanogen chloride 
|x>lyinenso to form cyanunc chlorule is (3 32*3 — Snro* — i6*i \ 10* 

or 10*5 jHT cent. 


Hours. 

— X X 

0 

0717 

2 

1 0713 

iH 

o*(.>S8 

20 

0-684 

4^-5 

o-f>8o 


(2) Nitrottobenzene. 


yitrosolK*nzene is a white .'^nlid at nMun temperature. When molten or 
in .solution it is gnx n and thu^ falls into line with other nitroso compounds. 
The colour change has Ir'cii taken as an indication that nitrosobenzene is 
fxdymerised in the solid 

state, ('rytiscopic data sup- T.VBLK IV. — Si sceptihii.itv of Nitk<>so. 
jK>rt this view.’ In acetic benzene under Differing Conditions. 


acid the moUxular \n eight is 
112 (theory 107) indicating 
ixilymerisation, and in Um- 
zene 101*6 -- 106. 

Magnetic results for 
nitrosolR’iizcnc are given in 
Table IV. 

No really reliable figure 
can lx* given for the suscepti- 
bility of nitrosolx’nzene in 



State of Compoutkd. 

1 *- X A ic(*. 

( 

(0 

Solid 

^>■563 

(z) 

In acetic acid . 

0-531 

13 ) 

Molten . 

0-450 


I n benzene 

less diamagnetK' 



j than when mollen 


Ix'nzene because of its slight 


stilubility, but all the measurements made showed it to be less dia- 
magnetic than when molten. The measurement on the liquid was made 


* Barratt and Burrage, J, Phya. Ckem,» 1^33. 37, 1029. 

♦ Price and Green, /. Sor. Chem. /mf, 1920. p. 311. 

’ Bamberger and Kenaud, Per., 1897, 30, 2278 ; liainberger and Rising, Rtr., 

34, 3«7^* 
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at 72® C.. which is only 2® above its melting-point. Higher temperatures 
for the time necessary to make a measurement gave rise to decomposition. 
The magnetic n‘sults support the view that the solid nitrosobenzene is 
polymerised. It would appear that there is still a quantity of polymer in 
acetic acid and also a small amount in molten nitrosobenzene just alx)ve the 
melting-point. 

Discussion. 

Dimethylbutadiene. 

According to Stoner’s recalculations of PasCsil’s values for magnetic 
constitutive effects the values for A for a double bond and a conjugated 
double bond respectively are 

5-5 V 

— C—C-— 10-6 X 10“^ 

Whitby and Crozior ® have sliown that dimethylbutadiene which has 
been polymerised for fifteen days at 150’ contains 63 per ('ent. of a dimer 
and 37 per cent, of higher polynier>. The higher polymers >till contain 
one double bond per diene grouf> .is dfH> the dimer because it is a ring 
com[)ound, so that one doul)le bond disap[>ear> for each addition of a 
dimetliylbutadiene molecule. In thi^ case the bond change A will be 
5*1 and tile apf)Iication of the formula 

» Xh - l» - > 

^ «.Uj, 

gives a value for t! -- 30*4 i.e., tlie irn*an molecular weight i^ i>n 

the other luind, if the bond change is sjniply looked upfjn as the dis- 
appearance of a doul>le bond, A - 5*5, and >? ^ = b) The mean molecular 
weight is 820, 

If the results of Lebedcff and Whitby are (<nnbmed then llte mixture 
of polymers measured magnetically slu>uld contain afiproxunately 

1 2- 1 percent, of monomer | 

55*4 per cent, of dimer mean moltTuI ir weight 750, 

32-5 per cent, higher jadymers I 

but tile percentage of liigluT polyiiuTs may be slightly higher and that 
of dimer lower, as after 12*3 hours heating at 145"'* i\ the ratio of higher 
polymers t<» dirneri( oil is higher. It appears from this that the br»iul 
change in a polymerisation proi.c^-. oi this type is 5-5 and not 5*1. 1‘hc 
agreement i'^ very good but the result may not be reliable as f\4scai’s 
values cannot be rcg.irde<l as precise, but are only average values, and 
for this type of work ver\' reliable and arcurate values are required for 
the bond changes involverl. This result for dirnethylbuta<liene (an 
only be regarded as a preliminary one. A more accurate examination 
is being carried out on isoprene and its polymerisation products, for here, 
at least, some of the simpler polymerisation products are known in the 
form of the terpenes. 

Cyclopentadiene . 

According to the accepted view of the polymeric cyclopentadicnes 
the mass susceptibility of cyclopentadiene should rise as it polymerises, 

• Whitby and Crozier, Canadian /. Reiearch, 1932, 6, 203. 
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as polymerisation results in the disappearance of two double bonds. 
Instead of a rise there is a fall which is difficult to explain unless there 
is a large fail in diamagnetism due to the bridged ring of the terminal 
six membered ring of the polymeric cyclopentadienc. 


Cyanogen Chloride. 


The value of 32*4 for CICN is slightly higher than that given by 
Pascal’s values, 30-8. This is only to be expected because although 
Pascal’s atomic values give good results, it is the values of certain group- 
ings which are more likely to give additive results than atomic values. 
However, it will be seen that the lai^e change in diamagnetism when 
t yanogen chloride polymerises to cyanuric chloride can be explained 
readily by the use of Pascal’s values. The commonly accepted view of 
the polymerisntiori i> 


3{C1— C sN) 


Cl 


N N' 



According to Pascal, the bond constitutive effects are 

8^2 

— C a N — 0‘8 


so that the disappearance of 3(CaN) bonds should raise the susceptibility 
by 2*4 iind the appearance of 3{C=N) bonds should lower it by 24*6, 
a net change of 22-2 whereas the chvinge found experimentally is l6*i. 


Nitrosobenune . 


The susceptibility of the uitroso compounds is slightly abnormal and 
will be treated more fully in another publication, but if the structure is 
formulated in the old way, then 


2(R---N^0) 


I 1 

O— N— R 


The double bonds disappear from between the oxygen and the nitrogen 
which would make the polvTner more diamagnetic than the monomer wis 
is found experimentally. 


Summary. 

Pol yincrisa turn gives n>e to a change in diamagnetic susceptibility which 
can followed quite easily. As pol\*Tneri.sation proceeds, the mass sus- 
ceptibility folkiws a curve which, in the nonnal c^se, is a hyperlx>la. If 
the degree of pedymensation is not too great then it can l>v calculated by 
using Pascals atomic values or constitutive constants Pascids values 
can also be used to exphiiu the changes in susceptibility when the pohmier^ 
i%iu l)e sef>iurated. 
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GENERAL DISCUSSION. 

Dr. R. J. W. Le F^vre (London) said : Abnormalities in the case of 
nitrosobenzene are not unexpected, since a completely satisfactory formula 
— upon the basis of which such an additive property as magnetic suscept- 
ibility could be calculated — is lacking for this substance. Exp^irimental 
evidence showing that monomeric nitrosobenzene cannot he regarded as 
containing a tercovalent N atom (as required by the older formula) has 
l>een cited previously (Le Fevre),® whilst from a consideration of the 
variable and at first sight contradictoiy' elcctropolar properties of the 
nitroso group in aromatic compounds (polarisation and polarisability “ 
effects), the conclusion was reached that Ar-nitroso conqx>unds mirst be 
formulated uniquely. To this end a suggestion was advanced that thcs<* 
phenomena would be understandable if the NO radical were to exhibit 
degeneracy to a certain degree between the unperturlxid forms — N : < > 

a. — 

and — N — O. Expressed in a current nomenclature,” it can Ix' said that 
an Ar-NO group is to be classified as having sup)er]x>scd polarisation > of 
— I and — ^1 ty^s along with polarisability possibilities denoted by E. 

* 1932, 2503. Ibid ., 1932, 2239. Ibid ., 1931, bio 

Nature , 1032. 400. ” Ingold, J .C S , 103^, 1120. 
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RECENT PROGRESS IN THERMAL POLYMERIS- 
ATION AND CONDENSATION OF GASEOUS 
HYDROCARBONS. 

Hv A. E. 

Received }rd September^ 193 5. 

In a rtM'rnt communication^ ‘‘Thermal Treatment of Gaseous 
Hydrocarbon^ * (i; Laboratory^ Scale Operation/’ attention was drawn 
to ilie [possibility of utilising gaseou< hydrocarbons, such as natural 
i^Mscs, and gast's from oiloTacking plants, as sources of motor fuel of 
high anti 'knock value. 

From the industrial viewpoint, tht* production of liquid hydrocarbons 
from gaseous [Kiraffins and olefine^ i.s ol great importance owing to the 
vast (juantities these hy^drocarbon.- available for development . 

The (jimntities of gaseou.'' oletine> available are more difficult to 
estimate because of the considerable variation in the gases produced in 
fracking operations. A figure of 3 () 0 ,ckk:> million cu. ft. may be taken 
as tht‘ volume of cracker gas [iroduccd in a y^ear, and of this it is esti- 
mated that the (juantities of gaseou.'N olefine hydrocarbons available 
irom this source, expressed in million." of cu. ft. are: ethydene, 
[iropydene, 2UX) ; butylenes, ii^xki. 

Polymerisation of Olefines, 

Hi.storical references are given in two papers by Dunsian, Hague, 
and Wheeler,^ Further, in these two papers is developed the genor.d 
theory' of the polymiensation of the .dmpler olefines as set out in the 
following paragraphs. 

With the olefines, etliydene, propylene, and the two unbranched 
butylenes, the principal primary' reactions, common to ail, involve the 
formation (»i either the two-earbon or the four-carbon (or both) atom 
members of the olefine scries. These reactions may be represented bv : 
(b (ii) + '(iii) (VI* = 2CVV 

Whilst the exact mechanism of reactions (it) and (iii^l is obscure, it has 
been sliown that reaction (i) is a true polymerisation. 

If conditions are at all drastic, decomposition is not limited to the 
the primary changes, and secondary reactions occur, such as the 

^A. Jk Ihinstan, F. N. Hague, and K. V. Whcclo^ Ind. Eng.Chcm., 

26, 307. 

50, 313, and J.S.C L. 1^3.'. 51, 131. 
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decomposition of butylene to give butadiene and hydrogene in one case, 
and propylene and methane in the other : 

CH3 . CH^ . CH : CH2 = CH, : CH . CM : CH^ + f 
or CH3 . CH : CHg + CH^. 

An important secondary change with propylene is the formation of 
methane and ethylene, probably by hydrogenation of the radicals formed 
by scission of the carbon chain at the single linking, as shown by : 

CH3 . CH : CHs + Ha CHj : CH, + CH4. 


Oi the two butylenes, it was found that A^-butylene w^as more stable 
than A*“butylene. Three changes appear to be operative to approxi- 
mately the same extent at : (i) Depolymerisation to ethylene, 
accompanied by the secondary hydrogenation of the ethylene to ethane 
(ii) Scission of the carbon chain at the end single linking, with the 
formation of radicals which by hydrogenation give rise to propylene 
and methane, (iii) A dehydrogenation of butylene to form butadiene 
It has been shown that, following on the production of butylene from 
ethylene, secondary decomposition to give butadiene occurs. Futher* 
more, ethylene and butadiene combine in equimolecular proportion, at 
comparatively low temperatures, to produce cyclohexcne. Thus it would 
appear that, following on the primary modes of decomposition, there is 
the production of hydroaromatic and tlien aromatic hydrocarbons. With 
both paraffins and olefines, ethylene would appear to be the starting- 
point for these changes. The experiments of Dunstan. Hague, and 
Wheeler show, then, that ethylene readily polymerises to butylene, that 
butylene by dehydrogenation produces butadiene, that butadiene and 
ethylene unite in equimolecular proportions to give cyclohcxene, and that 
cyclohcxene finally produces benzene. 

The exact mechanism of the addition of ethylene to butadiene i.s not 
clear. There are indication.s that an open-chain hexadiene and then a 
cyclohexadiene may be intermediate steps in this change, but no 
satisfactory proof of this can be adduced as yet. 

By analogy with the formation of diphenyl from lienzenc, it i< 

reasonable to suppose 

TABLE I - -PvROLvsis of the Olefines for the butadiene cau 

Production of Aromatk Hydrocarbons at condense with ben- 



zene, hydrogen being 
eliminated, to fomi 
naphthalene, and that 
anthracene and phen- 
a n t h r e n e c a n b e 
formed from naplitha- 
iene in a similar 
manner. It is in- 
teresting to note that 
considerable quantities 
of styrene were found 
in the liquids obtained 
when operating on a 


, , . , , semi-large .scale. The 

mosc obvious explanation oi the presence of styrene is bv condensa- 
tion of ethylene and benzene, with the clnnin.ition of hydrogen. 

the olefines, ethylene, propylene, and the branched butylenes, have 
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been considered individually in a pure state. As with the paraffin 
hydrocarbons, it was found that, following on the primary reactions 
brought about by heat-treatment, secondary reactions occur which lead 
to the production of aromatic hydrocarbons. This stage in the pyrolysis 
of the olefines closely resembles that observed with the paraffin hydro- 
carbons. Some of the figures obtained are given in Table I. 

At lower temperatures, however, true polymerisation without these 
secondary changes occurs. Thus it is found that at all pressures from 
200 to 2000 lb. per sq. in. over the temperature range 350^*600'^ liquid 
hydrocarbons can be produced from ethylene. Neither 200 nor 2000 Ib. 
per sq. in. is a limiting pressure for this effect, but this range has proved 
convenient. As the pressure is increased, the temperature necessary to 
effect polymerisation is reduced. Under suitable conditions it is possible 
to operate without the production of more than traces of saturated gases 
from the olefine hydrocarbons, but alw'ays, if conditions are too drastic, 
d eposition of carbon accompanied by the production of hydrogen and 
saturated gaseous hydrocarbons occurs. 

Tlie Ii<juid hydrocarbons from continuous operation possessed a light 
straw colour and were quite transparent. The boiling range of these 
liquids varied w*ith the conditions of temperature and pres.sure of their 
production, hut the usual product had a sf>ecihc gravity of 075 to o 77 
at i and Ho to H6 per cent, distilled below 200" C. The liquid has 

been fractionated througli an effirient fractionating column, and ** steps ’’ 
occur at 37 to ;^(f, 64" to t) 6 \ 94 "" to 98'', lOO® and 120® C. These 
steps, together with the evidence .‘iuppliecl by gas analysis, indicate the 
jircsonce of olefines or paraffins, or both, containing from 3 to 8 carbon 
atoms to the molecule. 'Ihus, from gas analyses, propylene, the 
butylenes and the amylenc> are present. Furthermore, the percentage 
unsaturation of the liquid fractions has been estimated, and it lias been 
found that this decreased with n^e in temperature from 75 to 80 per 
cent, in the region of 39® to 5(» per cent, in the 120® C. range. Thus 
tile polyinerides arc largely olehnic, wiiii an increasing proportion ot 
paraffins as the boiling-point increases. All fractions were stable when 
exposed to sunlight, and gave no reaction with maleic anhydride. The^se 
facts are taken as evidence that iiydrocarbons containing conjugated 
double bonds in the molecule were absent. There are, however, 
indications of the presence of naphthenes. 

A brief account iollows of work only published verv* recently or 
described in current meetings, particularly of the American Chemical 
Society in New York this spring* 

Cracking and Polymerisation of Low Molecular Weight 
Hydrocarbons. 

(’onsuirrable interest has Ixjen shown lately in the poKunerisation of 
gaseous uletmes fur the production of antbknock fuels. The writers have 
already presented some results of a general nature on the subject.* 

Polymerisation of Olefines. 

At low temfieratures. in the absence of catalysts, the olclines require a 
long time of heating to produce good yields of liquid products. At higbe 

• Bv r. K. Frnhch and B. J. Wiefevich. presented before the Petroleum 
Pivif^ion. American ( hemic al Society. New York Meeting. April 24-23. IQ35. 

* rrf>!ich and \V>e 7 evuh. hid Ch^m . 103-. 24 * 13 
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temperatures the rate of polymerisation is much greater, but a different 
type of product is obtained. 

Use of Catalysts with Olefines. 

A large number of catalysts and contact materials have been reported 
for the polymerisation of olefines. Silicon, copper, and noble metals, 
boron fluoride, zinc chloride, boron fluoride with hydrogen halide, 
aluminum chloride with zinc and others have l)een shown to have high 
activity. Hv means of boron fluoride accompanied with finely divided 
nickel the poK inerisation of ethylene may be controlled to give high yields 
of biitvlene. 

Silica gel was found to catalyse the formation of aromuti(\s from 
propylene at 030^ C. Clay at 170" to 370 C. at (kx> to 1500 lbs. pressure 
has also been found effective in polymerising gaseous oleftnes. Gayer 
prepared a s\mtlietic alumina-silica catiilyst which is more active in 
polvinerising propylene at atmospheric pressure than Floridin clay, at 
330^ a 30 per cent, yield per pass of low boiling liquid prodin ts was 
obtained having a high octane number (S7 after steam distillation/ and 
boiling mostly in the hexane range. 

Phospihoric acid and its salts have also Wen found effective in poly- 
merising gaseous olefines. Ipatieff has employed orthophosphonc or 
orthophosphoric acids for polymerising cracked gases. 

Other catalysts which haw been employed for this purpose ar<‘ basi< 
zinc ( hroiinte. metals of the 8th series, ammonium nioIyUIate, magnesium 
oxide and bauxite. 

Polymerisation of Gaseous Olefines with Phosphoric Acid. 
Part I. Cataly'tic Polmerisation of Propylene by means 
of Phosphoric Acid."* 

The polymerisation of olefines, lx>th cataUdic and non~catal\’tii\ has 
received little study from the point of view of the chemical mf'chainsm ol 
the process, 

( )ur explanati<->n of the catalytic action of phosphoric ai id is basi^d ou 
its ability to form esters with olefines. These esters, in turn, dreomposr 
to liberate activated olefine inoU‘cules which combine to fonu polymers 

Exfieriments have shown that olefines react with phosphoric acid at 
relatively low lempt-ratures (200' C. for rthvlene, 123'’ C*. for propylene) 
to form e.st<*rs ol phosphoric acid. 

At the temperatures employed in actual polymerisiition the life ot tltese 
esters is probably very short. 1 he activateil olefine molt^cules lilx^rated 
«« Aatu na.',ce>nii by the decomposition of thest* esters unite with each 
other to form polymers. Evidently, acc(jrding to this hypt^thesis, a single 
molecule by phosphoric acid can bring about the polymerisation of man\* 
molecules of <jlefine since tlie acid is regenerated after each cycle. In one 
experiment on tiic pol\Tnensaliou of propylene by liquid phosphoric. aci<l. 
the quantity of polymer obtained correspondtxl io the polyinenstition of 
110 molecules ot propylen<* by a single molec ule of phosphoric acid, and 
at the end of the experiment the acid was as active as it was at the 
beginning. 

The esters may eliminate the elements of phosphoric acid in different 
ways, thus giving rise to isomeric pcjlymers. 'fhus the first tc^rmed 
hexykme may react with phosplioric aci<l to foim hexyl pho.sphoric acid 
w hich in turn may react with propyl ohosphoi.c acid to produce nonyicne. 
In the .same way nonyl phosphoric acid may react with propyl pliosphonc 
at id to form dodecylene, or two mrilecules of hexyl phosphoric acid might 
produce dodecylene. 

Gjlli —► CfH|2 C. ill Id . . . 

*By V. N. I])atieff, prestMitcxl Indore the iVtrolenm Duoion, Arnencan 
Chemical Society. Xew York Meeting, April 10 



A. E. DUNSTAN 


231 


The poljTiierisation of propylene proceeds at high velocity at 200® C. 
under a pressure of 7 to 15 atmospheres. In fact it takes place readily at 
1 35^ C. at atmospheric pressure. The liquid polymer obtained by the poly- 
merisation of propylene consists almost entirely of mono-olehns, 

The evidence for this statement as to the chemical nature of the poljTner 
is four-fold : (i) solubili^ in 9O per cent, sulphuric acid at o*" ; (2) behaviour 
on catalytic hydrogenation ; {3) bromine number ; and (4) carbon -hydrogen 
ratio, i’or example, the propylene polymer was practically 100 per cent, 
soluble in 96 per cent, sulphuric acid at o'^ C. Catal>d;ic Hydrogenation 
of the fx>lymer at 220* and an initial hydrogen pressure of 96 atmospheres 
produced only parafiinic hydrocarlx>ns whicli indicated the absence of 
naphthenes and aromatics in the original j>olyraer. The bromine number 
of the f>olymer agreed with that calculated for mono olefines, and the 
ca r be »n -hydrogen ratio corresjKMided to 

As raentioncxi above, the projtylene polvnner produced at the relatively 
low pressures of 1 to 15 atmospheres consists of raono-olefines, but under 
more seveie |X)lymerising conditions (lugher pressures, temperatures and 
contact innesi, aromatic -hydrcK:artK.>ns are also fonned. This is esj>eciaHy 
true in the catalytic polynuTisation 4)f ethylene. 

In the polymerisation of a mixture of olefines, such as propylene and 
butylene, there is obtained not only the {wlyniers of each of these hydro- 
< arbons, but alsc» mixed jn^iyiners due to combination of the two hydro- 
» arbons, J'he I'Vidence for this conclusion is I\)dbiehuak distillation data 
of the iuiuid protlucts obtainc<l from mduidual olefines and from mixtures, 
riie formation of a nuxtxi polymer can be represented by the following 
e(piat;on . 

01,11: UC,H, 

0 V 011 ^ i* V OH - C:Ha -r ;rO;(.>H 

OH Oil 

Polymerisation of Propylene at Superatmospheric Pressure 
with “Solid Phosphoric Acid.“ 

Mans' expK-riments were lua ie on the poly rnerisii turn of propylene and 
of otner olehues m the presence of so-called solid phosphoric acid 
t ataiysts. These c onia^ t inass<‘s were prejxired by mixing phosphoric acid 
with various caniers. These soliti catalysts, being non-corrosive in spite 
of their high acid content, could lx* use*l in ordinary steel apparatus. The 
catalvti* activity de|>ended ti* a considerable extent upon the methcxl of 
{U'eparation an<l upon the \ haracter of tlie solid absorlxuit. 

rur.''uing lie- xiine line of 4ittai k Ipatiett and Tuison dealt with the 
buT\ le!les. 

Polymerisation of Gaseous Olefines with Phosphoric Acid* 
Part II. Catalytic Polymerisation of the Butylenes by- 
means of Phosphoric Acid.*^ 

Tiie isomeric butylenes are |H»lymeri»CHl by pliosphoric acid at relatively 
low tein|H^ralurec and atmospheric pressure to liquid polymers Tht'se 
|X)lymers are inono-oletins. Iso-butylene [xrlymerises the most n'adily. 
anti a-butyleue the least, Tlie presence of iiso- butylene accelerates the 
f>oK me ns.it ion of the n butylenes (but it is certain that f.sc-butcne may 
Ixf better handled as a source of r5o-oct;me). 

Special attention sliould Ix' dmwm in this conuectirm to the reacUous of 
isobutene. This hydrocarlK>n exists in the C, fraction of i racked gases^ 

* fiv V N and B. B. i orvin, presented l>eforc the Petroleum 

r);vjs;on, Anieruim ( hemkal Sotsety. Ne>v York Meeting* April 22 -3. 1035. 



232 RECENT PROGRESS IN THERMAL POLYMERISATION 


(and especially in high temperature cracking) and may be absorbed and 
polymerised by means of moderately concentrated sulphuric acid (probably 
via tertiary biityl alcohol and its degradation) into di-isobutene. This, of 
course, is readily reduced into iso-octane (the standard hydrocarbons for 
high anti-knock efficiency). 


The Polymerisation of Propylene.’ 

Gayer ’s work « on the polymerisation of olefines by acid catalysts was 
repeated with the purpose of ascertaining whether or not the five-, seven-, 
and eight- carbon olefines are actually formed. 

The activity of the Gayer catalyst and the nature of the polymer were 
confirmed. Olefines not corresponding to multiples of the propylene mole- 
cule were clearly indicated in the distillation curves, and their presence 
definitely proved by the isolation and identification of certain individual 
hydrocarbons. Trimethylethylene composed the major p>ortion of the 
pentene fraction, and evidence is presented that tlie seven- and eight - 
carbon groups contained 3-methylhexene-i and 2, 3-dimethylhexene-2, 
respectively. 

Examination of the dipropylene fraction demonstrated that it wiis 
composed primarily of two olefines, 2-methylpentene-2 and tetramethyl- 
ethylene, and a saturated hydrocarbon. 2-niethylpentane. Similarly, a 
mixture of heptanes, apparently 2-raethylhexane and 2,3-dimethylpentane. 
were found in the next fraction. Small amounts of Ixmzene and toluene 
w’ere also almost certainly present in the mixture. 

This remarkable variety of products might appear to be the result of 
cracking rather than polymerisation ; yet further study showe<i that no 
gaseous products other than jHjntenes were produced in the reaction. 
These results and the absence of any appreciable amount of product ab('>ve 
Q, are in shar^:) contrast to those obtained under milder conditi<ms with 
more easily polymerised olefines such as isobutylene. Tlic latter gives an 
apparently limitless series of hydrcK:arbons which, however, arc multiples 
only of isobutylene. 


Pyrolysis and Polymerisation of Gaseous Paraffins and 

Olefines.* 

The exothermic character of the polymerisation reaction has been 
observed by many investigators in this field, in fact Waterman and 
Tulleners state that " ethylene at a temperature above 350** C. and under 
a pressure of 175 Kg./sq. cm, (ca. 175 atmospheres) decomposes with ex- 
plosive violence." 


The Productions of Gasoline by Polymerisation of Olefines.'® 

The C4 fraction from the total gas yield was studied. Its approximate 
composition is 60 per cent, butene-i, 25 per cent. «.so-butenc, 13 per cent, 
^^d 2 per cent, a mixture of n-butauc and isobutaue. 

From a surv'ey based on the j)roducts obtained over the whole tempera- 
ture range of thermal reactions of gasc^ous hydrocarbons, ethylene may lx* 
regarded as the basic hydrocarbon. The detailed nature of its thermal 


.L by I rank C, Whitmore and Robert F. Marschner, i>re- 

^nted befoie the Petroleum Division, Amencan Chemical Societv. Xew York 
Meeting, April 22-23, 1035 - 

^Ind. Eng, Chem,, 1933. 35, ,122. 

. . ' P* Kuthrufi, and W. E. Kuentzel prr<ented 

before the ietroleum Division, American Chemical Society, at New York. April 
^ 2 , 1Q3,5' 

ri, - Wagner presented before the I-etroleum Division, American 

Chemical Society, New York Meeting, April 22-2^, 1935. 
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reactions gives the key to the decomposition of any hydrocarbon since 
ethylene is an important pnxluct Ijelow 750^^ and since alxjve 750^ the 
products are essentially those of ethylene at that temperature. 

By a consideration of five types of reactions for ethylene — (i) poly- 
merisation. (2) hydrogenation to ethane, (3) scission of one C — H bond, 
(4) scission of the double bond and (5) dehydrogenation to acetylene — the 
reaction products may be accounted for. Determined or estimated \'alues 
for the energy of activation for these reactions show inconsistencies arising 
chiefly from the jussumption that ethylene is stable l:>elow’ 1000''. 

Polymerisation of ethylene to non~aromatic liquids appears to take 
place by a combination of ethylene radicals or molecules. Experimental 
evidence does not support the formation of higher olefines by combination 
with methylene radicals. 

The mechanism for tiie formation of aromatics from ethylene has not 
been definitely established. Since dehydrogenation of cyclohexane to give 
benzene docs not cKcur to any appreciable extent without a catalyst, and 
since the formation of acetylene takes place largely at temperatures higher 
than the tcrnjHTatiires for the formation of aromatics, a combination of 
six methylene radicals with the expulsion of six hydrogens due to localised 
enrrgy has lK*en suggesteil as a possible source of aromatics. 


Production of Gasolene by Polymerisation of Olefines. “ 

from low-pressure vapour phase cracking containing 20 to 24 per 
icnt. of ethylene, 13 to iS per cent. propylene, and 0 to 10 per cent, of 
unsaturates m the four-cai Uui grouf) w'ere pulymensed to liquid products 
hv and pressure in the abstuKe of <atalysts 

On a ‘)me-thn»ugh basis i 7 gallons of gasoline iock) cu. ft. were 
obtained f>perating at 950 ' b’. ami 8 (h) lbs, pressure . the yield was in- 
t teased to 3 0 gallons by nxdrcuUting the gas denvaxl from stabilising the 
lujuid priHlut ts 'Idle yields wort* improved in a commercial unit to 3’ 25 
gallons By processing gas from .stabilising vapour phase cracked distil- 
lates 0 o gallons were obtained. By operating at low* pre:>sure and 1200’ 
to i UK.) !•' , the Inpiid pri.Kluvts w'en' mo.stlv aromatic. 


Polymer Gasoline from Cracked Gases. 

A (onunenial fH>Ivmensauon unit recently put into operation is pro- 
v.essing 3,ooo,(HK» eu ft. a day of cracked gas. and producing about 5 gal. 
of pcdyiner gasoline j>er 1000 cu. ft. This gasoline has an octane rating cf 
80 -2)2 motor metluKl,’ and Us blending value is higher than that ot 
lienzene or iso-octane. 

The process is that develop<al by the Universal Oil Prtxiucts Company, 
and rejKirted at the roccuit Xew York meeting of the American Chemical 
ScKiety, 

The unit is o|KTating under mild conditions of temperature and pres- 
sure, using a s«.iUd catalyst. The stabiliser gas being processed Cx3ntam> 
about 29 per cent, of propylene and butylenes. 

Cracked gases are made up of imradin hydrocarbiins, and also members 
of the olcfinic s<*ries~ including etfiylene, propylene, and butylenes These 
olefines react at relatively low temperatures and pressuR^s in the presence 
of the solid catalyst to produce polymer gasoline. 

“ By C. K Wagner, Ind and Eng, Ck^m , August. 1935, P- 933 

** By V. N. Ipatieti and Gustav Eglofi. FYoceedings — Fifth Mid A’car 
Meeting American Betroleum Institute, J^tion III. Rcmuug. Tulsa, Okla. 
14- 1 0th May, 1035 
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Properties of Polymer Gasoline. 

The outstanding characteristic of polymer gasoline is its high octane 
number and blending value. 

Polymer gasoline has higher blending value than either benzene or 
iso-octane, although its straight octane value is lower — 8i versus 97 and 
100, respectively. Its blending value becomes higher the lower the octane 
number of the base fuel with which it is blended. 

Reactivation of the Catalyst. 

The solid catalyst gradually loses its activity witli continued use, but 
it is readily regenerated with a controlled volume of air which bums otf 
the highly polymerised or carbonaceous material that deposits upon the 
catalyst. This reactivation step has been carried out a number of times; 
each time bringing the catalyst back to its original activity. The si-day 
run reported in this paper was made with a catalyst which had been 
regenerated in the tower used for polymerisation. 


Summary. 

Experiments are described concerning the polymerisation of tive 
samples of cracked gases in semi-commercial j.K)lymerisation units, “J he 
C‘perating conditions of gas rate, temperature and pressure varied from 
o 05 cu. ft. to 1 cu. ft. pt,T hour per pound of catalyst, 450"* to 500^ 1* ., 
and loo to 175 lbs. per sq. in., gauge, piressure. The yields of liquid 
polymer ranged from 30 gal. to 8 4 gal. i>er 1000 cu. ft., with oiehne 
polymeri.sations of 71 to 99 per cent. 

GEXERAL DlSCUSSIiXW 

Captain W. H. Cadman said ' Dr. Dunstan has tuilhned in his 

pajier the niain j>oint.s of the expxTirnental work conducted by the .\ngln- 
Iraman fJil ( umpaiiy, leading to the .succe.'^.sful j)<>Iym<Tisation and con- 
densatic)!! (d gaseous h\ droi:arl><»ns on a semi-commercial scah‘. 

A f>etroleinn cracking plant is an essential j)art of a modern oil r<*finerv 
equipment, either as a means of increiising the yield of lighter fractions, 
such ])etrt)l by cracking the heavier residues, or for reforming oils, which 
means improving the quality of lighter fraction.s by raising their antoknock 
value. \Vhate\cr Ix^ the tyjie of cracking plant in use, the prcxluction of 
a large quantity of gas is unavoidable, amounting in most cases to many 
millions of cubic feet j>er day. These cracked gas<\s have a high ohdine 
content, .sometimes as high as 50 jx-r cent, by volume. 

It IS with the application of polvmierisation to these cracked gases that 
Dr. Dunstan .s pa|K:r deals He frankly aiimits that the exact mechanism 
of these operations is not yet dear. The discussion on jxilyinerisation in 
all its asptxls at this meeting has gone a considtTable way towards ludping 
us to understand the reacti(»ns involved. Some new light has been thrown 
on the problem, but much still remains hazy or unsolved, and will, I It'ar, 
not be corn}}letely clear until mf:»re work has lx*en done vu the kinetics of 
the polymerisation of these gasemis hydrocar b<.»ns. 

The Summary of the pajxr might convey the idea that the polymen.sation 
of such gases had only reached the .semi-commercial operation stage. This 
IS not so. In the paragraph dealing with *' polymer ga.soIine from cracked 
gases I)r. Dunstan mentions a commercial jxilymerisation unit, and I 
would like to say something mc;re about this great achievement In 
addition to the work carried cuit in this country, a great deal of piunt'er 
work has been done in Anunca, particularly ' by Dr. JCgloff. lYofessur 
Ipatieff, and other chemists of t niversal (hi Products Company, leading to 
the completely successful commercial operation stage, i'o-day a large- 
scale polymerisation plant treating 3.000,000 cubic feet of gas jK*r day is in 
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at the Shell Kehiiery in Ka.st Chica^^o, Illinois. Ihere, the gas 
from the top of the pressure distillate stabiliscT of the cracking point, at a 
pressure of about 150 lbs. ]K*r square inch is preheated to from -^00' to 
450'^' l’\ and them passed through several reaction vessels packed with 
phosphoric acid as catalyst supported on a suitable solid carrier. Mali of 
these reactors are in use while the other half are being regenerated. The 
polymer product is a liquid of a light yellow colour. It is easily refined to 
a water- white motor spirit with an octane nuratier of about 80. Dr. 
Dunstan has referred to the high quality of the polymer, and has jxiuned 
out that It IS of greater value as a blending agent than benzene or iso*octane. 
So successful has this first cfunrnercial plant proved to be (yielding some 
3 gallons of |>olymer gasohiu' j>er cubic feet of cracked gas treated) 

that several other large scale plants for the commercial jxdymerisation of 
olefines are now in course- of construction in I '.S.A. refineries. 

The indications are that every modern refinery will soon find it desirable 
U) add a standard " T<ily '' plant to their refinery equipment. Such plants 
are now on sale, aiul can lx; Ixmght " over the counter ’ as it were, to deal 
with any numlx'r of rniliions of cubic feet of cracked gas fxT day, and with 
thi‘ yield and equality of |K)lyrner pnxluct fully guaranteed by the makers. 
C<»mmercial gas fwilyinensation is tme <»{ the latest and one of the greatest 
de\elrq>ments in the od industry. Its im|x>rtance will lx‘ appreciated from 
ihc fact that it has o[Hmed up a new and valuable source of motor fuel supply, 
am sure, iheiehjri, that all who are interested m the commercial 
ajiphcaiiou of jK>lymeri <111011 will juin with me in congratulating the 
American chemists <oncernt*d on the translation (»f the pcdymensation 
proce ss into sucassful industrial production, and I would ask our American 
guests to convey iheM* congratulations to their fellow countrymen on their 
ret uni. 

Dr. P. bew'iis*Dale <ini . IT, l»unstan'> paper deals with 

a practical application of |x*iymensatKJii on a wry large scale. It is 
•'ingulaxly appx()pnali* that it shouM Ik- read at a meeting of this Si.K:iety 
.ts Ibuaday himsi if in i8.:5 ui\e.Ntigated a hqui<l obtained in the cracking 
• d oil and found in u Ix'nzeue and butylene. Armstrong {1884'! w’orked 
Mil a sunilir IkiuhI dr^'in the I'lntsch <.>d (ias process? and isolated several 
couqxjund^ which jHdyrnens<‘ rraridy In I called attention to 

the fact that many suf>slances in the liquid lobtaim d in the compressam 
<d oil gas, pfdymenst‘d sj>ontancou>ly or when treated with sulphuric 
acnl and other reagents When the hquul was disulkxl in glass, there 
wiis sometimes vK>leut action at aUmt 130 C , accompanied by cwdution 
ot hydrogen and }»oIvmensation. The results noticetl Iwar sinking 
n-scmblance to some «d the reunions mentioned by Dr. r>unstan. Th • 
liquid Itself and distillates therefrom have wry high anti-kiUKk \ahics. 
higher than tliat of iH'nzonc, which constitutes alKuit 30 cent, in* the 
li(|uid. 

Dr. E, Eeri^mann [Kruiiboth) said ; The suggested jx>ssibility. tluit 
naphthalene in the nn.\tures obtained is fonued by interaction Udween 
iH'fizcne and butadiene, seems unlikely . the rcactK»n should give piu ncl 
butadioiu* The folkiwmg mechanism i.s preferrc<l , Ikmzene reaa> with 
ethylene to give -styrene, hv<Jrogen Uung eliminated. As a nuuttu d' bic t. 
Dr. Duustan has obser\'<l "considerable quantities * of styrene m his 
reactHui prodm ts A further moieculo of ethylene ruwv c<'mbmc< witii the 
styrene ac<t*rding u> the .scheme . 
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subsequently, dehydrogenation occurs. The participation of the " con- 
jugated ** aromatic double bond in addition reactions of the above type 
has been observed in several cases ; in the reaction Indween styrene 

and diphenylketeue, which, in variance with Staudinger s original view, is 
not a mutual saturation of the two olefinic double bonds of these moU^cules ; 
in the reaction l)etwecn asym. diphenylethylene and maleic anhydride 
(Wagner-Jauregg) ; in tht‘ formation of the so-calle<l dirnenc diphenyl 
ketone of Langenbeck. which is obviously not a cyclobutanedu)ne-ilenvativ<\ 
etc. A fuller" report on questions will be given els<*\vhere. 

The formation of phenauthrene and anthracene from naphthalene ma\' 
be explained according to the same reaction scheme. 


ON THE FORMATION OF CONDENSATION PRO- 
DUCTS FROM SIMPLE HYDROCARBONS. 

By Morris \\ Tk.avkrs. 

Rereivt'ii /th Aut;usi, 1035* 

Tile prodiu t-. formed by the thermal conden'^ati >n or Minjil** hydro- 
rar'oons arc generally verv complex, and a good deal ot attention has been 
dirt‘':ted to the study ot condensation processc.'' b\’ two method^. In 
the first place the methods of organic chemistry' have been applied to the 
analysis of tlic jmulucts, conclusions a.s to the couf'^e of cinidcnsalion 
processe.s being derived fnmi the re^'iihs ; or the change- n**i:lring in 
tiiermal treatment iiave been followed by observing rfunges of pressure. 
In tlie follo\sing paper an account is given of '^ome experiment.^ which 
lead to the ^'onclu.'-iou that polymerisation may, in many • ases l>e in- 
itiated by simple mechaiusnL-', tiic nature of wliich can only b'* disclosed 
by detailed investigation, ^uch an investigation has Uhu attempted 
in the case of ethylene, and also of propylene. A teu experiments 
have been <'arried out in the case of acetylene, <ind tlie work d<>nc is 
suffirienr to show that partivtl inv<*stigation o! -uch a f, problem is more 
likely to [>rove confusing than hclfiful. 1 am a hr tie dmiblJul whether 
the subjert, as 1 trcMt it, eomes within tlie scope o! the rlisc us.^ion ; but 
to deal with the gener.d prol>lem‘< of polymensattnn one mud l>egin at 
the beginning, whu li ns the study ot the smiplrst hydrocarbon^^ etiiylene 
and .Lcetyienc- 

The difficulty in investigating condensation pHnacsscs in the f'a.s<" of 
hydrocarbons, in common with the study c»f thermal changes in organic 
compound- gencrrdly, is partly due to the fact that iw'o or more processes 
generally take place smiultane<Hi’'ly, and only very ex^ict analysis makes 
it possible to follow any single one ol them accurately, burlhcr, most 
processes seem to be more c»r lrv> inlluencf'd by surface f»henomcna, 
which have either a po.sitive or rngaiive effect on the velocity' of one of 
these which occur simulianeou>lv At the same time, the method of 
detailed anaiv'sis which wc have used makes it nccctiisar)' to confine our 
attention to a comparatively narrow range of temperatures ; tor at liigh 
temperatures the time during whif h the material is heated is so short 
that error due to the fa< t that the reaction tubes must U' heated from 
air temperature to the reaetion temperature liecomes significant ; and 
at low' temperatures the processes bet'omc so slow' tiiat an investigation 
takes more time than lari reasonably be devoted to it. lircat accuracy 
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is ;iN<> iinpos'‘il;Ir wlini tiir proc(*^^<‘*; ,?.n* carrif'd ont iiiid( r vrrv low 
pressure'. 

In the wh<»le of tins itnestij^ation a inctlKKi, which ha,s h<‘en dccrihed 
in detail elst^whero, was used ; a definite quantity of the reactant gas, 
or gases, Ix-ing heated in a silu a glass reactum tube to a definite temper^ 
ture for a definiu* time, the contents of the tul>e being then analysed, 
rhe course of a reaction was follo\v< <l hv means of a series of such experi- 
ments covering different intervals, which made the method lalx^nous. 
However, it was jxissihle to trace the changes in concentration of each 
constituent or pnxiuct exat tly 

As it is imjKissible to follow the pnn t sHfs by means of fonnula\ methtjds 
of coriiputation, tif which the following i.s an example, were used. To 
determine the velocity constant in the case of the formation of condensa- 
tion prcxlucts. the rate of w hu h is dejxiinlent on the square of the ethylene 
concentration, the aniouni of condensation prexiuct {R} prcxiuced during 
successive j^rirxls was dividcrd by the pnxiuct of the mean of the squares 
td the ethylene ccuirentration at the Iv'ginning and end of the ptTiod, 
and thr length of the j>ern»d Kr A/i d'jHp® /. rhe units used 
were ( rmcentrations in terms oi gram aionw of carbon jH^r litre, and h^mrs. 

The System Ethan e Ethylene Hydrogen. 

When pure ethane is heated to a temfHTature near to ^kx) it underg‘.>es 
tapid primary derom{x>sition inti» ithylene and hydr<*gt‘n. The energy 
‘1 activation of the prexess is alxait 73 K. t al. . so that, while at 

* qudibniiin in the sv'siem ethane ethylene -hydrogen is established 
almost snstaiitaiieously. at a little lower temperature there is considerable 
delay in the process However, since on heating pure ethane there is a 
leiujeiKV to appi(»ach rquihbnurn with the products of primary decom- 
pisition, in stuilvmg the other thermal chsinges which occur when ethane 
.s heated, ovt-r a rangt- i»f t»mqxTature Ix'twren 530 and o,:o , it con- 
venient to Use e<piihbiuim mixtures of t'thane. ethylene, and hydrogen, 
rather than puie » thane Knowing the values (d the equilibrium con- 
'itantv N'twf'tm the Iinubs gi\en above, any numlx*r id mixtures can he 
made up for anv tinqx’raturr, the limits of each senes of mixtures Ixong 
pure ethane (ui the one hand and ynire ethylene on the other. 

When p! L. T. Ho* km *c.5*i 1 vommencid llu'' invc>U|;ation, **rd.er 
u> introdiuc >onu order mto our work, we decided to mvcstigatv rhe 
propen of sene< of mixture^ tor which, in eacli senes, the vum o: e 

• onnentnuions ol f jHi - ^ jUd 'vas constant, while the ratio Cjn4 ^ 2H4 

varied, the ratio, (‘8114 ^ r.-maining constant. The work .va^ 

’ ontmued i>y Hr. ‘f, ] T. IVarce and mysel! and a sunimarx* of the whide 
of the resoits \va^ pul)Iished ' la.st year. 

When ethane, or one of the equilibruiin mixtures which cont,nn< 
.* « oasiderable amount ot hydrogen, and d<H> not approach V(t\ clo^e 
\o the ethylene end ot the senes, is healed to between 55(1 and 020^ 
nu thane and comlensa^mn products are formed. Study t>t a ver\ wide 
range of mixtures had shown that there is no direct connection between 
the formation of methane and of condensate. However, it seem- that 
ethane takes part only in the reaction involving its primarx’ decomposition, 
and that both the condensate {R) and methane arc derived, though by 
different proccss<*s, from ethylene. 

\V> are not now conccnied witJt the formation of methane, but refer' 
eiKc must be made to the process by which it is formed. The rite of 
formation, in presence of hydrogen, appears to l>e proportional t* the 

‘ /. Swr. Ck 4 fm. Ind., 1934, 53, 32i-33fiT. 
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product of the cont'entratioii of the ethylene, and the sum of the con* 
centrations of the ethane, methane, and hydrogen, activation resulting 
from collision of ethylene molecules with molecules of either of these 
species. Hydrogen concentration, at the higher temperatures, has some 
further effect on the rate of formation of methane. The addition of 
methane to an equilibrium mixture increases the rate of formation of 
methane from it, and the addition of other substances, such as silicon 
tetrafluoride has a similar effect. 

For anv series of equilibrium mixtures liaving the same total C2H4 
+ CoH^ content, though the ratio concentration varies con- 

siderably througli the series, the rate of formation of condensate appear< 
to be strictiv proportional to the square of the ethylene concentration. 
The rate is not affected by tlic state of the surface of the reaction tube 
or by packing tJie reaction tube, at least at 590°, at which temperature 
tlie effect of surface was investigated. The effect of adding methane 
is negligible. However, when silicon tetraffiioride w,i$ added, the rate 
of formation of condensate was deffnilely increased. 

Ignoring tlie fact last referred to, it would appear that the result ' 
point to a simple bimolecular process, on the assumption that tin* total 
carbon in the condensate produced represents the carbon derived from 
a primary process involving two molecules of ethylene. There \va- 
(‘Xpcrimental evidence to prove that neither methane nor any thre<‘* 
carbon product was associated with the formation of the condensate. 

However, while the rale of formation of condenSvite was c'on^tiint 
for each series of equilibrium mixtures at constant F2H4 con- 

centration, with fall in the total hydrocMrbon concentration tiu* value ot 
the velocity constant tended also to fall, though the values obtained for 
very low hydrocarbon concentrations where the quantity of condensate 

in any case verv^ small, may i>e influenced by other factors, and need 
not be considered. Referring to Table I. in the paper by Dr. Pearce and 
myself, and taking as the mean values of A% at any temperature and 
initial convent ration, the meatis of the value down 

against the longest period for each scries under index letter and number, 
(since the individual valuer of h\ are the nu\ni v-ilne> Iroin time O 
to we have the follow i*rg re>uit> :~ 


TAHLi: 1. 


Initial concentratiun 
CJi, -- C.H. 

O'oS 

0*05 

t rorn graph. 

020’^ 

bV>'3 


1 so 

010" 

1 v-* 


iiH 

590' 

S'' 

73 

7^ 

57 ^^" 


40-5 

43 3 

550'' 





The values in the la^t column have been obtained by taking into 
consideration the fact that the data at 590^^ and 620^, in both cases 
with an initial concentration 005, arc by far the most numerous and 
reliable, and plotting log against i/ 7 \ The method can only give an 
approximate value for tiie critical increment of the process, which is 
found to be 55*5 K. Cal. It is slightly different from that adopted in the 
original paper, but the result is the same. It leads to the important 
conclusion that, if the process i< assuiner! to originate ia bimolecular 
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collisions of ctliylene moIeculc.>, the number of effective collision^ is only 
one in io,cxx) of the number indicated by the simple calculation. 

Pease ^ determined the rate of condensation of ethylene {between 
350^ and 500®, using a copper vessel, and working at pressures between 
2 and 9 atmospheres. Under these conditions the rate of formation of 
methane is ver>^ small. The formation of condensate was found to follow' 
a square lait\ and from the temperature coefficient the critical increment 
was fo\ind to he 35 However, by extrapolation it is found tliat 

the rate calculated from his data at 590“ is 7*5 times as great as the rate 
found in our experiments on (‘quilibrium mixtures. We carried out .v 
few experiments at 400'^ in silica apparatus, and while we found that it 
was difficult to obtain reproducible results, the rate w'as much less than 
that found by Peiise. It is suggested that Pease’s data are influenced 
by the effect of the copper surface. Pease notes that the rate calculated 
is hK)*:) times that found by c.xperiment. 

If inav be noted that at low temperatiire.s the product i> a mixture 

(diain hydrocarbons, whi('h, from an experiment which Idr. Hockin 
and 1 ‘ arne<i out, >eem in ‘a»ntam not less than eight carbon atom^. 
Near (KX> as might be e.xperted, the products are aromatic. However, 
it seem^ likely that tfic rate nf h>rmation of condensate i.- the rate of 
the prinuiry bimf>lecular process, and that suKsequent processes do not 
involve tiie ‘reparation either o{ methane or of 3-carbon compounds, 
s(/ tliat the measure of the initi<il rate is the amount of c<irboa .separating 
as et^nden-nate, m whatever lorm it may ultimately appear. 

Befnre ''ommencing w{>rk »*r. the eejuilibrium mixtures, Dr. Hockin 
and I harl in\'est igated the thermal behaviour of ethane. We found verv 
great difficulty in obtaining reproducible results, and came to the con- 
clusion tb.at tliih was due to the effect of oxygen, adsorbed on the walls 
of .sili(..a reaction tube'', or even p.issing through the wall.r of the tubes, 
when they were thin. The diflu uliy wa.s overcome by filling the reaction 
tufjc- with hydrogen, vind luMting l<* al>out (kX)'"’ for some hours before 
intrcHjucing the ethane. Th<! diht rence between tlie befia\iour of dif- 
ferent tube.s seeni" to depend upon the extent to whicli primary decom- 
[>ositu>n of ethane is catalysed by the surface. 

When ethane i.s heated, primary decomposition sets in at once, and 
a,- botli the condensate and methane arc derived from ethylene, tlic velo- 
city td lormatiun of these products should be zero at the start, and should 
increase as the ethylene content of the gas increases. This is actually 
what takes place, and the graphs wl.ich leprescnt the ^ate^ of formation 
of both products show accelerated velocities. However, if we neglect 
the short initial perioii during which the concentration of the ethylene 
is inrrea-^ing so rapidly that its mean concentration over the |x*riod cannot 
be computed, and calculate the values of Kr from the mean squared 
values of the ethylene concentrations, and the amount of cundensvite 
formed during consecutive intervals, W’c find that the value of tiie velo- 
city constant tends to incrciise in a manner which has nothing wh.uever 
to do with the change in the ethylene concentration. When the process 
has proceeded for a certain time, which is about 3 hours at 590^ increasing 
at lower, and decreasing at higher temperatures, and diminishing gener- 
ally at lower concentrations, either of two things may happen. At tiio 
higher temperatures the process suddenly slows down. At the lower tem- 
peratures the rate ma\* slow down, or may he maintained so that tlie 
graph representing it i^ couliruious. (iraph*- representing the process 



240 CONDENSATION PRODUCTS FROM HYDROCARBONS 


at 590^ and 570® are given in the paper referred to, and reproduced as 
Figs. I and 2 herewith, in which the crosses represent the results of ex- 
periments with plain reaction tubes at and at 570°, respectively. It 
will be observed that at 590® the rates of formation of methane and of 
condensate are represented respectively by the graphs ab, a'b\ which 
are discontinued after about three hours, but at 570° the graphs ab, 
a'b\ are continued to c and c\ In both cases after bb* some of the points 
are below the continuation of ahy a'b\ 

An interesting point to be noted is that the phenon)enon of accelera- 
tion of the rate of the reaction in the case of pure ethane is associated 



both with the formation both of methane and of condensat(\ Also, 
after the period within which all the points representing the rates of 
tormation of methane and of condensate lie m the slightly upward- 
tending graph, if in any experiment a low result is obtained for methane, 
a correspondingly low result is obtained for condensate. The only 
connection between the two processe.s is that both products are derived 
from ethylene, and this fact must be regarded as the kev to the solution 
of this part of the problem. 

Now ethylene is formed from pure ethane by a process which has an 
activation energy of 75 K. Cal., the tliermal requirements of the process 
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being only 31 K. Cal., leaving a balance of 44 K. Cal. to be dissipated by 
the ethylene and hydrogen. The share of energy carried by the ethylene 
may be passed on, and by a process somewhat similar to that occurring 
in the degenerate chain system of Semenoff, increases the rate of for- 
mation both of primary centres which result in the formation of conden- 
sate and also of those which lead to the formation of methane. By this 
process both the rate of formation of condensate and the rate of forma- 
tion of methane can be increased. Tlie cause of the slowing down of the 



two processes hius not been determined, but llic rales after the breaks 
in the graphs seem to he close to the rates in the corresponding equili- 
brium mixtures.® 

If we compute the rates for formation of condensate, Kf^ for successix e 
time intervals, omitting the first period, for which it is impossible to 
compute the concentrations of the ethylene accurately, and plot the values 
of Kf against the time from the zero time for the process, we find by 
extrapolation that the v'alue of for zero time, is not far from the mean 

’ /-or. < p, 33 V 
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values for equilibrium mixtures at the corresponding ethane plus ethy- 
lene concentrations and temperature, but probably somewhat lower than 

these values. 
This fact is de- 
monstrated by 
the graphs in 
which repre- 
sent the re- 
sults of expcri- 
nients with 
pure ethane, at 
0*05 concentra- 
tion, Fig. 3 at 
590° (X empty 
tube, O 
packed with 
ea pillaries;, 
and Fig. 4 at 
570"^ (X plain 
tube, 0 tul>e 
with two con- 
centric lin- 
ings^. T li e 
values found 

for equilibrium mixtures are 73 at and between 40 and 47 at 

570^’ 



i SSO’C. i ! 

• .* i 

J 2 i 4 5 Hours 

Flo. i. 


Some exj^eriments carried out 
with a view to finding out W’hy, 
in experiments with pure ethane, 
in which the reaction tube had 
not been pre- treated with hydro- 
gen. very erratic results were 
often obtained, had showm that 
the rate at which the priman* 
decomposition of ethane took 
place varied wdth difterent tubes, 
and was most rapid in new' silica 
tubes. In tubes which had the 
surface slightly increased by 
introducing two or three con- 
centric lining tubes the effect w'as 
small, as indicated by Figs. 3 
and 4. though it w'as noticed 
that the break in the graphs 
noted above was \tvy marked. 
In Fig. 4 the points in squares 
were obtained using a tube con- 
taining two concentric tubes. 
However, when a tube was 
filled with capillar>' silica tu>)es ♦ 
it was noticed that the equili- 
brium in the system ethane — 
ethylene — hydrogen (590'") was 



Fig. 4. 


very rapidly establi-shed, and the rate.s of formation of methane and 


* Loc. at.^. p. 337, Tables XV., XVI.. Kig. 7. 
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condensate showed only very' slight acceleration. The results are re- 
presented the circles in Fig. 3. If, as in these experiments, the 
primary decomposition of the ethane took place on the surface, the 
energy of the process might be dissipated more readily than in the 
gas phase. 

The particular )>chaviour of pure ethane may' be accounted for bv 
i^upposing that the number of primary centres is increased owing to tlie 
fact that some of the molecules of ethylene formed by the primary* 
cumposition of ethane carry energy' which they contribute to the proce.^r 
by which the centres arise. The process is superimposed on the process 
involved in the formation of condensate from an equilibrium mixture, 
which one would like to regard as a simple one, involving activation by 
collision of two molecules of ethylene, which subsequently react. How- 
ever, when one comes to study the formation of condensate from pure 



75 lb Jo 40 Hmutis 

Fic; 5. 


ethylene, one ob>ervcs some di>tiirbing facts. I must admit th.it thi:* 
part of the investigation has been neglected. 

fig' S represents the changes taking place when pure ethylene ac 
initial concentration 0*05 gram atoms of carbon per litre is heated at 
500", the details being given in Table 11. The process is obviously com- 
plex, lor while the primary* condensation process may be represented b\' 

21 JH4 — 

the rapid changes which follow result in the liberation of hydrogen, whicli 
takes part in secondary* minor processes involving the formation c. 
ethane and of methane. 

Now* the most obvious fact is that the rate of lormation of condensate 
increases rapidly, while the concentration of the ethylene diminish.-. 
One might expect that the initial nite, determined graphically, would 
give a value for the rate constant {Kf\ of about the same value as that 
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TABLE II. — Experiments with Pure Ethylene. 
Tempcraiioe . Itnttal conceniration 0-05 ^^ram atoms carbon per litre. 


Time 

(mins.). 

. I'ourd. 


5 

! 0-04107 

0-00214 

10 

1 0-02454 

0-00718 

LS 

1 0-01508 

0*00978 


1 0*00048 

0-01204 

45 

j 0 -0005 2 

0-01298 


I 


CHi. 

Hj. 

Ct)udcns.itc. 

000050 

0-00:22 

0*00550 

0*00229 

1 0-00164 

0-0 1 599 

0-00420 i 

1 0-00140 

0-02004 

000531 1 

j 0-00176 1 

002257 

o-oo(>30 

1 0-00202 

0-02420 


! 


obtained by the same method for equilibrium mixtures of the same initial 
concentration, and at the same temperature, viz. 73. However, the 
apparent value for the initial velocity is only about 20, and the real value 
may be considerably less. The mean calculated value for the period 
o to 5 minutes is about 31, and for the period 5 to 10 minutes about 107. 
The break occurs within the next five-minute interval, and during the 
two following 15-minute intervals the values are 60 and 98 respectively. 

A ver\' few experiments have been carried out with pure ethylene 
but they seem to indicate that the results arc intluenced to a considerable 
extent by the condition of the surface of the tube, and that it is diffi< ult 
to obtain reproducible results. As .soon as the apparatus, whicii 1- m 
use for other work, is available, the investigation will be followed up, 

There are two pos.sibIe alternative cxplanaticuis of the behaviour of 
ethylene. In the first place we can assume that the proce.ss is initially 
a bimolecular one, and that the 4 'Carbon ]irodurt resulting undergoes 
further association, and there seems to be direct chemical eviden<‘e that 
this process actually operates at low temperatures. Tlu* ;dternativ** is 
that a series of 2-, 3-, 4-carbon products are formed. 

It we adopt the former alternative we must assume th.it the energy 
.-et free in the process, 

2CM, 

is t.ikeu up by etliylene molecules, .some of wliich <-ontribute their >h.ire 
of the energy to the formation of new primary centres, rite fact that 
in equilibrium mixtures the rale of formation of condensate only 
1/10,000 of the rate calculated on the a.ssumption that the energy of 
activation is 35 K. Cal., making the usual assumptions as to nude* ular 
diameters, etc., suggests that the formation of condensate re<^uirt> the 
dispersion of the energy of the bimolecular process by a third body. In 
the case of the equilibrium mixtures, the energy is taken up mainly by 
the ethane, and simply dlspe^^ed. In the case of pure ethylene, during 
the early stages, when only ethylene is prt‘sent, the energy can only be 
taken up by ethylene molecules, luid since these can react a chain pnx ess 
results. It seems likely that either of the mechanisms which operates in 
the case of pure ethane, or that which operate* in the case of pure ethy- 
lene, disappears to a great extent in the case of equilibrium mixture*®^, 
which do not approach very closely to one end or the other of tlie series ; 
for none of the phenomena as.sociated with chain mechanisms are present. 
The increase of the rate of formation of condensate in equilibrium 
mixtures with increase in the total initial hydrocarbon content, may be 
due to increase in the rate of formation of primary centres, or to third- 
body action. Silicon tetrafiuoride may exert a similar influence. 



M. W. TRAVERS 


245 


The primars' step in the formation of condensate from ethylene 
appears to be a bimolecular process, the rate of wliich is influenced by 
several factors the nature of which has been discussed. There is no 
evidence as to how compounds of high molecular weight are formed for 
the primary product. 

The System Propane— Propylene — Hydrogen. 

Sufficient work has been carried out in the neighbourhood of 550" 
to indicate the general course of the processes taking place. However, 
the problem is complicated by the fact that propylene decomposes in 
the presence of hydrogen yielding ethylene and methane, the mechanism 
being probably that suggested by Dr. Pearce and myself to account for 
the formation of methane from ethylene. At the same time two con- 
densation processes take place, the primar\^ step" in w^hich may be 
re[>resented by - 

aHj ■ ' and 

f U ^ 2^ ^4 5^ ^ 10 " 

The particular difliculty m the work, apart from the problem of analysis, 
which is certaifily complex and lirootne, is due to the fact that we have 
. hvays in the bm kground the two eqtiilihrium sy-lem^. 

r„H^ , : C^»H 4 ami 

c;h, . . (vu - h; 

which, under the temperature • onditions which vire convenient for the 
in\a>tigalion. appear to be [>artiy lieteroitenef)*’ that it is difl'icult tu 
obtain reproducil)le results. 

Fhe w’ork is important, partiv ularly as it may throw light on the general 
Ojuestion.s involved in the Tracking and condensation of hydrocarbons 
gere'rally, 

Acetylene. 

There i.s a considerable literature relating to tins subject which is 
collected in a recent paper In r.i\l'>r and van liuok ^ These auUiors 
conhrm ilie con- 
clusion previously 
arrived at that tin- 
condensation })ro- 
cess apj>cars to In.* 
mainly bimolei- 
ular, but .issume 
that the efleci of 
hydrogen is t(» 
superimpose a bi- 
molecular process 
involving hydro- 
gen and acetylene 
They explain the 
latter on the as- 
sumption that 
some of the acetyl- 
ene is hydrogcnateii, but make no attempt to ascertain whctlier ihi^ 
really happens or not. Their conclusions are based almost exclusively 

^ J , Pky$u\ Chtrn,, 39 ^ 


lABLE in. 


Ike Action ^>r* He.\t on Acetylene at 430 


Tim*- 

; C c (. .Hj 

I'.f C,H, 1 

C.c. i fHj 



’ 1 ) 

bouad. 1 

K^-.Kted. 

i>'S 

; 0 ' 4 I i 

7*33 ' 

i 

1 j-oS 

0124 

0-73 

1 0*35 ; 

O'oS 

} -VJ7 

0 * I 70 

1 

: 0-42 ; 

4*07 

4*45 

0-2-3 

* 5 

: 1 

1 

! 4 

ops 

- 

: 0-43 1 

I 3*^^^ 

1 5*55 

^>44" 

O' 5 

; ! 

i 1025 

1 S' 6 <> 

1 

0-73 

‘ i 8 -ta 

1 ^5-3^ 

1 iO‘ 5 v> 


I * i 

! 1 H't >2 

1 »‘ 5 ^ 
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♦jn the results of pressure measurements al constant volume betweiri 
400® and 500®. 

Dr. Hockin and I carried out a few exploratory experiments at 450^, 
using a silica tube of 35 c.c, capacity. In Table III. are the results at two 
concentrations. 

The graph representing the first series showed a definite break in the 
middle, the first part being linear. The graph representing the second 
senes is linear. That the slopes of the tw^o graphs are nearly propor- 
tional to the squares of the initial concentrations may have no direct 
significance. The addition of hydrogen increases or decreases the velocity- 
of the reaction, according to its concentration. When much hydrogen 
is added, some methane is formed, but apparently very little ethylene. 
The state of the silica surface has a considerable influence on the nature 
of the reaction. 

These figures are quoted because I wish to make it clear that the 
mech.inism of the polymerisation of acetylene is only likely to be explained 
when full experimental data are forthcoming. Speculations based upon 
measurements of changes of pressure are likely to confuse the real is.Mjc-. 

C^iemistry Departmetit, 

I 'niversily of Bristol. 


ON TWO NEW POLYMERS OF ACETALDEHYDE. 

I'V XiVKHlS W. ThWlKS. 

Keceived Aui:us!j 1935- 


1 . 

Acetaldehyde, like many other organic liquids, dissolves ver\' con- 
‘icerable, c}uantitie.s of air. For the purpose of studying the therm ti 
deccir.po.siiion ot the liquid it was necessary to of^tam it oxygen-frr^e. 

With this object in view, after drying over potassium sulphate, and 
fractionating using a long column, the temperature of which was c(m- 
trolled, the liquid was syphoned into the large bulb, A. of the apparatus 
shown in Fig. i. The bulb was then cooled with solid CO* and alcohol, 
and the leading-in tube was sealed at a. The three bulbs had capacities 
approximately 500, 250, and 150 c.c. respectively, and they were i>arlly 
filled with piece> of glass tul>ing. "J be apparatus was connected with a 
bulb which formed part of the apparatus for filling the reaction tubes for 
the thermal .study, and through this apparatus, and a L-tul>c immersed 
m liquid oxygen, with a Tdplcr pump. 

While the bulb A was co<d<*<l to near — So^' the whole apparatus was 
exhausted, and as acetaldehyde has a pcTceptible vapour pressure at 
this temperature, a little vapour condensed in the guard tube. The bulb 
A was then allcjwed to warm up to about — tx), and the bulb B was cooled 
in liquid oxygen, the Topler pump being operated the w^hole time. \\ hile 
the liquid was distilling from A to B a considerable quantity of gas, mainiv 
oxygen, was collected. When the bulb H was abc;ut two-thirds filled with 
liquid the connecting tube was .scaled at b. During thi.s operatfim Loth 
the bulbs A and V> v <*re cooled m liquid oxygen. 
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The bulb B was then warmed to about — 60, and the bulb C w'as cooled 
in liquid oxygen. During the second distillation a little gas was collected, 
but when the bulb C was two-thirds filled with liquid the evolution of gas 
had practically ceased. The connecting tube was then sealed at c. 

In the early operations part of the liquid was then distilled from C 
into D by the same process, but in later operations, for reasons to be men- 
tioned directly, the final distillation was carried out by evaporating the 
liquid from air temperature into the receiving bulb cooled in ice. How- 
ever, before sealing the connecting tube both bulbs were cooled with liquid 
air, to avoid decomposing aldehyde vapour. 

Now we noticed that when air-free acetaldehyde was condensed at 
liquid air temperature, instead of obtaining a mobile liquid, the receiving 
bulb was found to contain a more or less viscous liquid or even a jelly. 
The viscosity of the product seemed to depend upon the extent to which 



the air had l>een clinunalcd Udore the particular fraction was distilled, 
the content of the bulb B being less viscous than the contents of the bulb C, 
and the contents of C less viscous than the contents of D. If the con- 
tents of a bulb was viscous before redistilling, on distillation in vacuo, 
»'ven from air tenqK*rature, it became more viscous, or even jelly like. 
However, the bulb D was ct)nnected with an apparatus by which its vapour 
pressure could Ix' measured, and it was found that the vapour pressure of 
a jelly or viscous liquid was not measurably less than that of the mobile 
liquid. 

If a bulb containing the n iscous liquid was connected with an exhausted 
apparatus cooled to a low temperature, without admitting air in the 
process, the contents frothed, forming a vesicular mass, which, in time, 
settled down to an almost glassy material, apparently quite stable at the 
air temperature. At loo^, in a sealed tube, acetaldehyde was sSlowly 
regenerated. 
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1 have had no opportunity of carrying out experiments with this 
substance, mucii less of investigating the mechanism of its formation. 
I have no intention of following up the study of it, and I should be glad 
to hear that someone else is doing so. It is clear from the method by 
which it is formed that air inhibits the process. Surface favours the 
formation of the jelly, and the state of the surface seems to be of some 
importance, for it was sometimes noticed that the jelly formed in partic- 
ular regions of the surface of a bulb in which air-free acetaldehyde was 
condensed. It is most readily obtained by distilling air-free acetalde- 
hyde into a bulb cooled in liquid air, the liquid evaporating from the air 
temperature. 

The product seems to belong to the class called by Chalmers and 
others macrocolloids ^ which are formed by the addition of comparatively 
small units, successively, to form long molecular chains. To this clas> 
belong substances like rubber, and possibly cellulose. The energy of 
activation must be ver\' small, if, indeed, the energy of activation comes 
into the picture at all. The inhibition of chain formation by gases must 
also be a physical process. On the other hand there must be a not 
inconsiderable free energy* change accompanying the proce>s of poly- 
merisation. 

11 . 

(With Mr, K. (i Sellers, B.Sc.? 

'I'he observ’ations recorded above suggested an exptTiment on the 
pjlymerisation of acetaldehyde in presence of acid at Icm teni^x^ratures. 

for though it is 



that, on warm- 
ing to air temperature, very little metaldehyde.» could be separated by 
filtration. On distilling the liquid it was found to boil at 7 h“- 75'", with 
some decomposition into aldehyde, and condensation to higher-boiling 
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products. Its molecular weight by the cryoscopic method was close to 
that corresponding to (C,H*0),; and the vapour density determination 
at loo® showed that the compound had, initially, the formula given 
above, but that it dissociated rapidly. 

The following experiments were carried out with a view to studying 
the formation of the substance. A quantity of acetaldehyde. 4*08 c.c. 
was placed in a test tube, and cooled to a definite temperature, which was 
either — 38*5, — 78*5 or — 105'^, the latter being well above melting- 
point of aldehyde, which is — 125^". A quantity of an alcoholic solution 
of sulphuric acid o'oSN, freshly made, was then run into the aldehyde from 
a pipette, the liquid being shaken. After remaining at rest at the tem- 
perature of the xperiraent for a fixed time, the liquid w^as warmed to 
the air temperature, and the metaldehyde was filtered ofi on a Gooch 
crucible, and, after w'ashing w'ith a few drops of alcohol, it was weighed. 
The data for three sets of experiments are represented by the graphs in 
Fig. 2, the quantities of metaldehyde formed being plotted against the 
strength of the acid added. 

The whole process seems to be a very rapid one at any of the tem- 
peratures at w^hich the results are recordt^J, for the time between adding 
the acid, and warming up and filtering the liquid made no perceptible dif- 
erence to the quantity of metaldehyde formed. For equal add strengths, 
between — 105® and — 3^*5” the quantity of metaldehyde increases as 
the temperature rises, hut, at higher temperatures still, the quantity 
decreases, and the liquid contains some paraldehyde. 

The data refer to a single sample of acetaldehyde ; but using a difierent 
sample, al.so supposed to i>e pure, fur a series of experiments at — 78*5®, 
the graph representing the results had a slightly difierent slope. This 
^uggests inhibition of one process or the other by a trace of some impurity. 

The experiment.s throw no dire<'t light on the problem of formation 
of either of the tw'o bodies motaUihyde or p.irakleliyde, both of which 
are said to have the formula, (f*2^i40;3. It seenw likely, that the first 
-tep is the formation of the dialdehyd**, 

2r,n40 - 2 . 

and that a second step may be repr<*^ented by, 

(CjH.O)^' -- r.H.O : (CjHiOjr 

the activation energy bt‘ing derived from the first process. A somewhat 
inconclusive experiment indicated that a mixture of the dialdehyde with 
acetaldehyde did not yield metaldehyde. An alternative suggestion is 
that the primary fonnation of the dialdehyde is followed by rapid internal 
rearrangement, and the reasons for the stopping of the polymerisation 
process at the second and third stages respectively are really steric. 
Possibly the two alternatives are really identical. 

Bristol V n iversiiy. 


GISXEKAL DISCUSSIOX. 

Professor A, Staudinger {Fr^iburf i Br.i said : The very interesting 
polymerisation prcKluct of acetaldehyde which Professor Travers has just 
described is presumably a eucollouial poly acetaldehyde. This can l>e 
condudeci from the high viscosity and particularly from the elastic pro- 
perties of this product, for such physical properties only arise m the cjise 
of very high molecular weight products of eucolloklal nature. 
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An analogous polymerisation product can be prepared by polymerisa- 
tion of pure formaldehyde under conditions which are very similar 
to those of the polymerisation of acetaldehyde. In the polymerisation 
of formaldehyde in the presence of acid or alkali only hemicolloidal pro- 
ducts of a polymerisation degree of approximately loo are obtained and 
according to the reaction conditions a-, p-, or y-polyox)rmethylenes.* 
These hemicolloidal polyoxymethylenes are powder-like substances. On 
the other hand in the polymerisation of pure formaldehyde one obtains 
a hard glassy mass which can also be got in the form of transparent films 
of remarkable strength.* When heated, this product l>ccomes elastic 
and therefore it must be assumed that this product has a much higher 
degree of j>olymerisation than the hemicolloidal powder-like products, 
since only high molecular w^eight products of a degree of jx)lymerisation 
of the order of looo and above possess elastic properties.® The molecular 
weight of this eiicolloidal polyox\Tncthylene cannot, however, be deter- 
mined, since the substance is completely insoluble. On account of this 
the new polyacetaldeliyde which is soluble in organic solvents becomes 
very interesting. The differences in solubility between polyoxymethylene 
(poiyforrnaldehyde) and polyacetaldehyde tlepemi iipt>n the fact that the 
foniier products have unbranched straight chains, whereas the |X>ly- 
acetaldehyde has methyl groups as side chains. 'Ihe more irregular shapi^ 
of the latter molecule is the cause of its greater solubility. Similar 
expt'riences were found in the case of the paratlins Xc*rmal paralhn'r* 
are scarcely soluble. The introduction of the iin^thyl groups causes a 
considerable increase m their solubility so that the high molecular weight 
methyl substituted paralhiis (compare also rubber; are s-duble in organic 
solvents : * 

] Insoluble high molecular weight conipouiul" ' 
rolyoxymethvlc^ne ; 

- CIL O CH, <) ('IL o t i> ( H, n-- 

Cil. t Hj Cllj CH, t H, ( 

II, Soluble high innle^ ular wcfcdit ‘USkU ; 

I’ulyacetaldehvdc . 

(.11- 0 < ft n CH () ClI O t'H O i H 

<-H,, i H,, rn, < H, (.:n, (, h, 

ii>drorubber ■ 

-CH, ( (H. CH. (H Hi, IH, CH < H, 

1 * “ 1 ' \ 


I Compare II Siaiidin^f r an.i c'dl.iN'iator^, io.:o. 474* . further 

II. Staudinger an<l M Lulhy, Jhi, (him. 1024* H, 41. 

•’Compare II. Sl.tu<lmger and \V. Kern, J)tf hoihffioifhulatrfi 
\ etbinduni^en, haHi.^(hx<fi uml (.cHiiIq r\ Hi'ilin, 1*1^2, p. 

^ On the relation and molecule si/e c->mpaie inv 

he. cit., p. 121- 

* Compare H Staudinger aiui ) . c>. l.t-upoUl. Ht ' ltf , ( hxv >. <1 be lou, 15* p 
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Introduction. 

The authors liave sought to investigate how far the polymerisation 
phenomena of olefines under moderate conditions accord with true 
polymerisation. In certain special cases hydrocarbon mixtures poor 
in ring-compounds, in other products rich in ring-compounds 

may he required by industiy*. We liad eventually, therefore, to study 
the conditions which are nece-sary to prevent molecular rearrangements 
and transformations which lead to the formation of saturated paraffinic 
hydrocarbon polymers on the «>.ne hand and c/f systems poorer in hydrogen 
on the otlier. The components rich in ring-compounds which are so 
Oiten found in the reaction prodort^, especially in tlie fractions of higher 
molecular weight, he lorri\ed by the said rearrangements and 

transformation'^. 

Method of Investigation. 

The usual methods ^\erc -.iwed in thi- inve.-t igatiun witli the exception 
of a nvw method for the separatuui of the fractions of different molecular 
weight without any decoinposjrit>n. For this purpose we applied the 
method of distilling in cathodn -ray vacuum tubes with internal means 
for tlic condensation of the distillate. The Mim of the fraction.- thus 
uhimr.rd could considered a.s representing the total original reaction 
product, no destruction having o. t urred during distillation. The frac- 
tion- were inva >iig;itc<I by the so-f .died “ ring analysis,” determining, inter 
aha, the -jH*cific rt'fravU ion 

rr ' l I 


• i on I parr H I W .iterruan. Ci. F. tie KitMei and J. 1 ', Kuhk'TS, " CoiUnhutiou 
to the knouled^:** «a Part 1 . / /«.'/ Prtrolruu; 7V'/oj 

la, -soo , ll. ! W. and J C. jainin II.. Jhid.. ta« 510 . H. !. W and 

j. luHcncrs “ 1 >eco?npti>iti(m oi ethvleiu by heating under presauro." Ibid., 
>7* : H 1 and A j. I t,a ixdyniensatuui catalvtiqne de l ethy- 

lene." C dr rkimif' indi/^turilr. Praeur, St'ptembre. CMtmir r: 

huiusinr. 4oO\S<>5 H I U . J J. Leendertse and A. J T , ' cm the 

hehavi«>ui ol the |>e«lenes \Mth blanched chains towards hydrochloric aci<i anu 
.dninininnt rJdande at low teinf'eratnre,'* " Method for the preparation of wo- 
ps pylelhenr/' Rfi iriii. ihtfti , 52, 515 : H I W., j. Over and A j. T,, 

i^olymeiisation cd isobutene,” . 10^4, M.ovo H LW.j J L and A J T., 
” On the l>chavu>ur of thr |M*ntenes uith branched chains and the normal pentenes 
towardsi livdnKldonc .u id and ahuainiuTn chloride at low temjx-'ratnrt AVc. 
trat. rhim , iqia. 53 * 7*5 I W , J. J L and A J. tie Kok. ' P<dvmer!'^ation 
<d isobutene with aluminium iixide on silua gel as a catalyst and the addition ot 
HCI-gas to the rcaetJoii poxlucts A\ithout a catal\>t/' Ibui., *034. 53, 1151 ; 
H I. \V,, J. J. L. and \V, M KLumga. ” Pohmerwation of Ibid . 

H 1 W aiul J hi-..' The phtsxical constant.^ of the }'»dyTnen.sa- 
tion prrxhi* ts of urwaturated iivdrtKarUnvs.” Ibid . *035. 54, 130; H I, W ,, 
J j. L. and A. C, ter P^K^rtetp ” merisalittn ot c%clohe\enr, Ibid., io35- 
54» -?45 

‘ 5 ^ 



252 POLYMERISATION OF UNSATURATED HYDROCARBONS 

and mean molecular weight and other physical constants of the saturated 
fractions. This method, which will be described more thoroughly in 
another paper ^ comprises also a careful non-destructive hydrogenation 
of the fractions obtained in polymerisation. 


Polymerisation of Ethylene. 

Ethylene was polymerised under high pressure at 125°- 150® C., witlt 
AICI3 as catalyst and with pentane as a liquid diluent. The results 
of the experiments and the analysis of the fractions are represented in 
Fig. I. The points in the figure relate to the completely hydrogenated 
fractions of the polymerisation product. 

The fractions obtained from the free oil (A) were plotted on curve I., 
and, in addition, three fractions derived from the oil (B) liberated from 
the sludge after decomposition with ice water, were combined in curv’e II., 
as is indicated in the figure.* It was proved that the low boiling light 
fractions of the A oil without any further treatment were saturated and 
paraffinic,* which must be ascribed to an interchange of hydrogen. The 
higher fractions of the A oil are somewhat cyclic :ind the number ot 
rings per molecule increases with increase of molecular weight. Th^* 
fractions with a molecular w^eight of 250 to 350 contain on an average 
about one ring per molecule, whereas a fraction with the molecular 
weight 530 contains 2 rings per molecule. The B oil fractions are muclt 
richer in rings than the A fractions. The cyclic character i« rnort.- 
dominating here, e.g., a product with molecular w'cight 365 contains nmre 
than 3 rings per molecule. An increase in molecular weight of the l- 
fractions is connected with a stronger increase in the number of rings 
;)er molecule, A. W. Nash and Stanley * obtained analogous results. 
The advantage of the present investigation is that one get.s a better 
-urvey of the nature of all the fractions, i.e., the cyclic character h 
determined by a number (compare Fig. i). 

The question might arise how" far the cyclic character really is caused 
by the presence of rings. Could not the deviation of the specific refrac- 
tion be explained by the presence of special branched hydrocarbons ' In 
order to answer this question an ultimate analysis was carried out with 
a series of analogous fractions, from different polymerisation produce- 
of other olefines. It was thus proved that the inierence derived from 
the specific refractive molecular w'cight diagram that the 
are cyclic is approximately correct, <ince this is in accordance wit it the 
ultimate analysis. 

The observed presence of cyclic compounds may be explained by 
the considerations mentioned below : 

(1) Aluminium chloride is a .somew^hat active catalyst and factor, 
combined with a relatively high temperature 125-150^ C., will increase 
the tendency of ring formation. 

(2) Since w^e are using an olefine of low molecular weight, i.e., eth\- 
lenc, the number of polymerisations and eventually connected rearrange* 
merits and transformations mu^^t i)r high if products of high molecni.>,r 

* J. C. Vlugter, H. I. Waterman anti 11 . A. van Westen, '* Improved inetiuHjs 

^ examining mineral oih?, especially the high boiling components/' /. / V/». 

July and Augu.st, 1935. ^ ^ 

T A and B were used by A. W. Nash and A. M. Stanley, 

. Insf. Petf oleum 1 ecknologtsts, 1930, 16, 830. 

* boiling fractions boiling below about 100^ C. 
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weight are formed. Therefore the chances of ring formation are better 
in this case than with olefines of higher molecular weight. 

Polymerisation of Isobutene. 

It was proved that the polymerisation of isobutene with aluminium 
oxide on silica gel as catalyst at about 40° C. can be carried out practi- 
cally without any formation of rings. The fractions were truly oJefinic 
in nature and therefore after hydrogenation paraffinic in structure (com- 
pare Fig. 2). The curve which connects the different hydrogenated 
fractions lies close to the paraffin cur\^e 

Aluminium chloride seems to be an extraordinarily active catal^.'^t 
when we consider that even at — 80® C. the reaction is nearly explosive. 
Several polymerisations were carried out at low' temperature working 
at — 55" to — 40"" C. and at 4 - 7® to -4 16® C. with pentane as a liquid 
diluent. It seems that the higher polymerised fractions in this case are 
somewhat cyclic. The curv'e which connects the hydrogenated fractions 
at higher molecular weight lies below the cur\'e of the paraffins 

Attention must be giv’en to the fact that the fractious of liigh mole- 
cular weight are ver\* sticky and viscous. 

Polymerisation of Pentenes. 

The pentene experiments proved that aluminium chloride even at 
relatively low temperatures o® to — 80^ C. can cause a formation of ring-. 
Experiments with normal 2-pentene at o® C. yielded fractions which .a 
a molecular weight of about 350 contained I ring per molecule, TIa- 
branched pentenes at — 80® C. also yielded partly cyclic fractions. 

An increase of the temperature to about 4(A.r C. with or witlmuj 
alumina as a catalyst, causes an incrc;isc of the cyclic character of the 
polymerisvition products of n-2-pentc*ne, but with the branched pentene^, 
on "the otiiiT hand, tliis induence if present, was smaller. 

Polymerisation of Hexadecene • (experumnr^ i<irried out by 
J. U. Frielinkh 

A polymerisation was carried out with boron iluoride as c.Ualysl; 
the reaction temperature was 10 to 1 $' C,, the duration of this expen* 
merit several hours. We worked with a stream ot borium fluoride 
The yield of polymer^ was 70 pvr cent, of the raw material. A second 
experiment vvas done with aluminium chloride, the temperature wa- 
17*23“ C., the durati(»n of this experiment was 3^ hours, the proportion 
of catalyst us(*d w'as 6 per cent., and it was added gradually. The 
yield was about 95 per cent. The results of the two experiments are 
represented in hig. 3. In the first experiment the total reaction produ* t 
was divided into three fractions of mean molecular weight 235, 4()0 
and 72S, determined after careful hydrogenation. In the AlCI^ poly* 
merisation there was obtained only a product of high molecular weight 
1482 after hydrogenation). In both experiments the hexadecene poly- 
mers proved to be free from cyclic compounds. It may be remarked that 
the visco.sity-tempcrature curv'c for the hexadecene polymers, before and 
after hydrogenation, is nu<re flat than the corresponding cur\'t‘s of iso- 
butene and several pentene polymers. 

♦ The product obtained by decompositir>n of hjxrnuceti. was prolwbfy a 
mixture of normal hexadecenes, not cont.oiun.U' J with branchf*! idehnes. 
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Polymerisation of Cyclohexene. 

In tlic polymerisation of cycloliexcne at 70® C., liigh molecular pro- 
ducts were obtained, which after complete hydrogenation had a specific 
refraction in agreement with the calculated figures for cyclohexyl com- 
pounds of the same molecular weight. Thus, for example, at a molecular 
weight 4 (X) the product contained about 5 rings per molecule. So in 
this case the observed phenomena may be explained by true 
polymerisation. 


Reaction Velocity of Polymerisation of the Olefines at — 80'' C. 

The velocity of polymerisation depend-- on the molerular structure 
of the raw materials at — ('. especially, there are pronounced dif- 

lerencv-. It seems that if the double bon<i between two carbon-atoms 


i- connected w'ith the structure , then' i-: j m. irked increase 


in tdic polyiiu'ri-ation veIo<'it\' at -■ i c;;, i^olpitmc reacts at 
■ ' I much more stronglv than the two nomnd butene^ with alu- 

niinnun cldoridc os .1 lataivst. .Xn.do^.Mjs dub rt'ie.cs found with tlie 
hvunolomit-s, .ihliough the H'.e tiN'Uv tic<. rc.ts^-N with increasing 

inoit'f ulcr w<’ight, 

Summary. 


Scvt-ral fractions obtained bv |>oh'inf'nsat2i»n of < lohnrs, wen* completely 
liN'tii'oj;;* 'Hat cd an<l inv ('sliyatod b\' tht' w-i ailed analysis methrxi. 

i h<' nuuit^<‘r of t*'r h\ dr< j^t uated p*4yne*risatiou fractu>ns read 

ir. the S|H'citu“ rctractuMi luoietadarwi. uht diagiani practically is in accordance 
with the results cU ultimate aualvsis 

it wa*, found that tie* forinatiou *'t i\ n.iuiett»*d with the poly- 

T!icns<itiou, esjH'cialiv tor low molecular with aluinimum chloride 

a-, a catahst, e\en at low tcinj vratiire. * c , - vV* i 

Tnie jxilvinerisation not leadiiuj to ring formati'Ui was observed in the 
polymerisation of hevadoient' at i«»oin tcmj'HTalnn' and with aluminium 
cfdonde and lH>ron tluondi' as latalysi. 

King formation was not ol»Nervt*d m the polyinerisate ai of isiibutene 
at ^o V . with alummmni <>M<le on silica gel a> catalyst. 

It\ the jxdyrneiisiitiou of cycUihexene products are obtained which 
seem to be completely cyclic, which explaiiietl by true f>olynu nsation, 

At S<i <h with aluminium clilv)n<le as a catalyst the jx>l\ nUTisation 
velocity of olefines ol e<jual molecular weight defxmds ifUrr aim <*n the 
structure, the group 


: >Cs 

'--'C=C- 

H 


causes a lugher activity than the group 

c==c* 

H H 


Delft, Laharainry af C hefnicai hftpneeriny;^ 
J et'li n teai L n u>trsity. 


0 
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GENERAL DISCUSSION. 

Dr. E. Bergmann (Rehohoth) said : It is rather striking that the only 
ethylene homologue, the polymerisation of which does not lead to cyclic 
products is isobutene, containing one quaternary C-atom. All the others 
which have been investigated are of the type RHC -CHR. Since, on the 
other hand; it is known that AlCl,. used by the authors as a catalyst, 
readily dehydrogenates organic compounds, the suggestion may be made 
that the formation of cyclic products is due to previous dehydrogenation 
to form either acetylenes or dienes, the former being pcdymerisable to 
benzenoid compounds, the latter to cyclic substances of the mcnthadiene 
type. 

Professor H. I. Waterman (Delfl), in reply, said : In the examples 
given for isobutene, the formation of rings was not imp<utant and can l>e 
explained by the consideration, that the temperature was very low in the 
experiments mentioned, 'J'he ethylene }X)lymerisatif)u exjKTiments were 
done at a higher temperature (c.g., 125^" to 150'' C.). 'Che conditions 
(e.g., temp>erature) have a stnking effect on the molecular structure of 
the pohnnerisation produclb. 


THE MERCURY PHOTOSENSITISED POLY- 
MERISATION OF ACETYLENE 

])\ }L \\\ Melvillf. 

Kecctvai lu^/i July, 1935. 

Investigation? |)(»lymeri>ation processes have almost wholly 
been de.?igTKd with .u \'iew' to controlling the nature of the products 
of the reaction — a cjn um>tance only to be expected from the impi»rtance 
polymeric subst<in':es h.tve «issume(i in technical practice, On the 
theoretical bide of tlie (jae.stioa little has been accomplished, for tlte 
good reason that the mecliani^m (»f the reactions undergone by com- 
paratively simf)Iy moIecide.« is >till the subject of much controversy. 
At first sight it woidd appear to be impossible to at tempi to analyse 
the mechanism of })o]ymeri.^ation of even the simplest molecule^ by 
means of the well-established methods of chemical kinetics. Kinetic 
methods are, h<Avevtr, not quite so restricted in their scope. Whilst 
their primary aim in dealing with complex reaclion.s is to unravel the 
sequence of collisif»n types which comprise .such processes^ much reliable 
information may be gathenfl from an examination of almost any com- 
plex reaction over a sufficiently wide ntnge of operating conditions. 
In polymerisations there i? fortunately a simplification which permits 
the analysis to be made more detailed than might otherwise have been 
the case. The pro[)erti«.-^ of t!ie growing polymer are certainly a con- 
tinuous function oi its si/e, so that, although a considerable number 
of different molecular species has to be considered, these molecules 
obey similar kinetic laws in their reactions with each other or with 
unpolymerised reactants, fp this paper an attempt will be made to 
apply kinetic analysis to the j)olymcrisation of acetylene in order to 
gain some idea oi the type of (olltsions responsible for the initiation, 
propagation and cessatiem of the growth of the polymers. 

A first ste[) in elucidating the nature of polymerisation has been 
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taken by studying the molecular statistics of dimerisations. Vaughan ^ 
has shown that the dimerisation of ethylene, butadiene and isoprene 
are slow reat tions in the sense that the observ^cd bimoiccular velocity 
eoiistants arc much smaller than those calculated from the mcj'iured 
energy of activation and supposing two square terms to supply the 
energy'. This would imply that Mich molecules must be oriented in a 
particularly favourable position before association may occur. Since 
the dimerisation of simple molecules exhibit large steric factor^, it is 
evident that such factors will pLiy a part in the building up complex 
polymers. 

'I'lie polymeris<it i(ui of aiet\lene iias been studied by a number of 
investigators. Lerthchn and (laudeehoii,® Bate> and Taylor,® and 
Keinke ^ showed thot wlien expo-id to tiie full radiation of a “ liot ** 
mercury lamp, tliat is, under ctjmlition^ wliere the mercury seri'^itised 
reaction is prol^iably al»^ciir, acetylene is converted to an inert solid 
at rc»orn temperature.s. In a siniihm way a-parti' ies ® lead to polymeri- 
sation. the >urpn.-ing result being tli.it tlie number ol molecules poly- 
rnerist'cl per \(*n pair i^ 20. Lind and Livingston ® made the interesting 
ob-+Tvalioii that the cjuantiiin yield ol the clirect phc/toehvmical reaction 
is about nine. U'ing a iner* ury 1 unp a^' sc.uin a* and [)a\'ing [>articuiar 
attention to the exclusion (.1 no rMiry \apc*i:r. Likewi-e m tl*e electric 
discliarge,^ the number ot ac«'tvlcne molec'ult"' [Kdvrncnsed jjcr ion pairis 
c ompar.ibh* \Mt h that ol.>t.iined h\' the .cetion oi a-par? i< h -. XfU much is 
known aluuit tiu* produc t c*t tlir hm* tion ixca^pt that its c'lnpiric.il lormula 
note\\<»rthy th.at tb*- polynensation i^ attended with 
little c'ompli' .it loll in rc'pt'i "c ondarv dec omposition, tor no 
hydrogen or nuttiaue can hn- <ic-tc - rud m tin product'^ .^ee bellow . The 
product nui'^t In* oi < on-^ich*rablc' mcciec ular weight, tor ii is onlv -ublimcd 
m a \acuum o! pr^ mm %Mth partial dec oiirpovitioo .0 rcnr.x ratiires 
m the neighbcc.irliood lU . Keinnla ami M/r.uek h.i\e, hcNst ver, 

detr'cjcd, ^(>C' ' fi »^<'Mpn ally. ! fa' of be I'. /c lie during tlu pltotcH'luame.il 
poh men-.it ion at rencu temper.^ ure'. < >n f^rolongcHl lilumirtation at 
175 -5’ > acetylene yield- i^olat.iblc* f'Uautitie- cjt ben/cnc beddes a con- 
^uicrabIc• amount ot polyruerd Acetylene .iLo polymensc> li heated 
alawc at a [>rcs-ure cU .-cverai iumdre-d nullimerro, but the' kinetic 
interj)retation o( the dat.i is rather dithcult. 

Kthyhne too may be j)olymensod by exposing to the full radiation 
of the mercuiA' lamp - or by » ollision- with cxcitt‘d men urv atoms. 
d'he reaction 1- nu'rc t.c)mphc..ocd than tluit of «ict'!yicne. It ha> been 
>ho\\n <|uahlativeiy that bc»th methods of stimulation yield acctvlene 
us primary prociucts and tiiercfon it is not improbable' that the real 
[>oKmerisalion reaction is that o( acetylene, the polymer oi whnh is 

’ Vaughaiu /. dmrr Chem, lo pt, 55, 

* tierthelot and (raudechon. rcMti., igio, 150, mx). 

* Hates and Jayloi, J. Atucf. C/u w. 49, 11 44. 

* Kemke. /. i kfth\, U)2S^ 41* 1144. 

* tiardweU and lain!. J, Amrr. c’Acm io2<), 48, 1550. 

* land and Livingslon. 1932. 54, 94. 

* Lind, I tans. Amrr JJntohkfm, 1931, 59, 14J, 

* Kernuia and M/.rajtck, /. phystk. ( hrm,, 1934, a3B, 550. 

* Livingjiton and SchiUleit. J . phy^ik. Cktm., 1934, 38, 377. 

Hrnnner, Iltlv Chrm. Atia, 1930. 13, 1130. Vvuhv/j. AttU f. C «fm > 
* 9 ^ 9 . 5 «* 3470 

Oltkin and Mcyen», J. A met. Ckefn. Soc., 1920. 48, 389 ; i<>2 7. 49, 3131. 
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simultaneously reduced by the hydrogen liberated in the primary dis- 
sociation. In the thermal reaction ethylene, unlike acetylene, appears 
only to form dimers after which the process stops. 

In the following pages the above-mentioned experiments have been 
extended by examining further the polymerisation of acetylene and 
ethylene under the intluence of excited mercury atoms. An attempt 
is then made by combining older data with the new, to gain some general 
idea of the type of collisions responsible for the formation of the polymer. 

Experimental. 

Several types of reacti(ni vessel were used. The final arrangement 
adopted consisted of a silica bulb attacheil to a small mercury ditf usion 
pump to circulate the gas through traps, the inner surface ot which ^^as 
coated with mercury droplets. This precaution was taken in order to keep 
the mercury vapour pressure at a constant value, for th(*re is evidence that 
part of the mercury is removed as a result of jH)lymtTisat!on, To avf)id 
imprisonment of resonance radiation the nn*rcury vaf>our jircssure was 
not allowed to exceed 0-0003 nim. Another similar reaction vessel com- 
pletely filled with silica tulx\s, their axes Inung sot parallel to that of the 
reaction tube, was employed for experiments on the efiect of the proximity 
of surfaces on the rate of pf>lymen.sation I'he roa«. tion bulb \va> place<i 
in a furnace for experiments al>ove .iir’ and a .silica lens pntjecte-d an a[>> 
proxirnately parallel Ix-am of light into tht‘ reaction tube. 

Deposition of jK^lymer on the walls of the reaction vessel tuts dov\n tl»e 
intensity of light entering the gas and therefore measun'iniuits ut-re re- 
stricted to low pressur(\s ( 10 mm.) to avoid large corrections un account 
of this factor, ITessures wen* measure<l by a Ah la^od an<l a l^ourdon 
gauge. Acetylene was taken from a cyJirnh r anri passed sU)\\lv through 
a trap at — 80^ in order to remo\t* the greater part *4 tin- aeconipanying 
acetone. The gas was then subjected to re[H\ited fractionation vane*, 
the first fractiems only lieing retained Ethylene fioin a cylinder was Inst 
passed over lT.(.)s and then fraeti<>nally distilled in the sanu' manner as 
acetylene. 

Results. 

Effect of Mercury Vapour Pressure. 

iTeliTninary experiments were made with a Joo c c bulb altacin-d t«j a 
nic?rcury reser\ oir by a 1 mm. capillary 30 cm. long, no circulating pump 
Iveing emjiloycfl. With this arrangement the pressure-time curves (H>n- 
.sistently exhibited an initial rapid decrease, thereatter the reaction pro- 
ceeds srnoritlily as is .shown by curves 1 and II in log. j. Further repealed 
fractionation of tlie acetylene failed to remove the abnormality. It wa.s 
not due to oxygen, for when 10 per cent. O, were adderl the pr<‘.ssure-time 
cur\'e assumes the shape shown by curve 111 . Acelyi«.*ne was jxdymensed 
in the bulb and after the initial fast rate of reaction w«i.s completeil, a furtla r 
<lose of acetylene was admitted ; the rapid initial rate was once more 
obtained. I hci falling olt in rate might b<‘ due tf) an inhibitor. t»-85 mm. 
of acetylene* were admitted, o tto mm. being polymerised (curve 1/. Fhe 
acetylene was th(*n withdrawn from the insolation vessel which was pumjxxl 
out. Next the acetylene was condensed intr) a liquid air trap and sub- 
sequently allowed to evaporate slowly into the reaction ves.sel, tlu^ final 
portion being retained. On switching on thb light, however, the initial 
rapid rate was once mop- observed (curve 11 ). Finally the mercury 
vapour prc.ssure w^as increa.sed to 0 001 mui. when an immediate increase 
in velocity of polymerisation occurn-d {curve IV). A similar rapid decrease 

Melvilh-, J . t hem. Sot 1934, I-44* 
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in rate also obtains with high mercury vapour pressures. These observa- 
tions suggest that the falling off in rate is due to a diminution of mercury 
vapour pressure as a result of clujinical participation of mercury atoms 
in the polymeri.sation reaction. An adequate supply of mercury vapour 
to maintain the velocity is ]>revented by the narrow capillary. On 
putting into ojK^ration a reaction system in which the mercury reservoir 
was close to the insolation tube, the initial kink in the pressure-time curv es 
completely disap|H‘ared, thus supporting the indirect evidence obtained 
alK)ve (curves V, VI, VIl). This is the reason for utilising a circulatory 
syst('in when the reaction tulx* is in a furnace and the mercury reservoir 
is nect'ssarily at some distance from the zone of reaction. 



Fuj 1 


The conclusit)!! is therefore that mercurv’ atoms are removed during 
the mercury seiisitiMnl ]>olynu ris;ition of acetylene. It is pmbable that an 
excited atom ou colhding with acetylene forms a complex of the acetylide 
ty|K' which initiates the }>olyim'ns;iii<»n reaction. 

Effect of Acetylene Pressure. 

At the comparatively low pressures at which these measurements are 
made, an appreciable fractivin of the excited mercury atoms radiate and 
hence the rate of polymerisation will decrease with diminishing pressure 
ilue to this factor alone. Any a<iditional variation, on account of factors 
operative m the jxilymerisation itself, will therefore l>e sujxrposed on pro- 
cesstvs eonnix:te<l with mercury atoms. The rate of j>ol)Tiieris;ition may 
therefore represent e< I by 

“ -- j*”- - /(O . ACHg'jic.n,]. 
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where /(P) is that part of the polymerisation process subsequent to the 
collision of the mercury atom and acetylene molecule. This equation, 
on allowing for radiation of mercury atoms, becomes 


drc.ii,] 

d/ 


-/(PI. A\ 


/v[C,H,] -F l/r’ 


where K is a constant depending on the light intensity and on the mercury 
vapour pressure, t is the life-time (lo-' secs.) of the excited atom. The 
variation of rate from a pressure of o'oi to lo mm. is shown in Fig. 



Lq z 

I p to about 0'3 mm. the rate increases with the first f>ower of the pressure. 
At higher pressures the curve Ix^gins t«» Ix'iid round, apparently approaching 
a maximum. This i.s Indtcr shown by Fig. 3 where the reciprocal rate is 
plotted again.st reciprocal pressure giving a linear relation. These are, 
however, just the relationships to be expected if the factor, f(P), in the 
above equation is indepc*ndent of acetylene pressure. The growth and 
the cessation of growth must thend'ire Ix' imlcpendent of acetylene pre.ssure. 

Effect of Temperature. 

The following results were o])iamed at diftcrent teni|>cratures (Tal)le I.) 
where it will lx; seen that the rate rd polymerisation increases to a flat 
maximum, thereafter decreasing, \brne 500 the polymer bt^gins to de- 
compose with the production of hydrogen so that measurements cannot 
be reliably made. Beknv 500^ pr>lvmensatiou is unacc/iinj>anied by ap- 
preciable decomposition and then* is lUi hydrogen or methane prinluced 
during polymerisation. Nor was there any formation of measurable quan- 
tities of substances less ycdatile tliaii acetylene, such as lieiizcne. Pres- 
sures were adjusted to give cmistaut concentrations of acetylene in the 
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TABLE I. 


Empty Tu^e. Diameter 5 cm. 


Press. .... 

1*21 



2-07 1 5’^^ 

3-45 

3-48 

Temp. .... 

30 

j 

20U 

207 

! 355 

43 ^> 

528 

Kate (mm. /min.) 

Kate /press, rel. to 30 ’ 

Packed Tuhi 

0004 

■ 0050 

O-OOO 

o-o88 0-075 

0*070 

0-070 

I 

07 

8-S .r.'.; 

cm. Internal Di 

0-0 1 7-5 

a meter Tithes. 

0*2 

i 5-3 

Pres.s .... 

I J-3U 

i 2*02 


2*54 

■ 2-hl 

i 3*47 

1 

Temp. .... 

* ^7 

i 1 10 

104 

247 

! 297 

: 400 

; 49.5 

Kate {mm., min.) 

j o*(x)4 

i 0 02 3 

« ‘M ) 

. 0 075 

1 0-09 

: 0-1^0 

Kate/prevs. rel. to 27 

1 1 

' 3*‘> 


120 

lO'O 

<)0 

no 


reaction bulb. The increase in reaction rate is not due to any increase in 
the efhciency of collisions of excited mercury atoms with acetylene, for such 
elhciencies are 
kn^mn to lx* 
practically in- 
deixuulent of 
temperature^* 

Effect of Sur- 
faces. 

'rhe ex|x*n- 
ineiits in Table 
I shrjw that 
so far as the 
relative rates 
com[)aretl to 
j; are con- 
cerned. th«* 
eft ect of fiack- 
in;:; the rea< - 
tion tube is 
small. The xq 
eliert of pack- 
ing was further 
invesii)»ate<l at 
JO at higher 
intensities. 

Fur example in 
one sot of e\- 
IxTimentsw ith 
an initial pres- 
sure of 4 mni.. the rate in the empty tulx.* was 0 00; mm. min. and in the 
jiacked tulxj 0*050 mm., nun. Fig. 4 shows a complete sene.s of ex}.x‘ri- 
ments at ditferent pressures aiul at a temjXTature c^>rresjx)nding to the 
inaxinuim rate at whu h polymerisation (.Kcurs I'lr^t it will lx* seen that 
the rate in the empty tulx* is on the average 10 times htstor than in the 
packetl tulx?. The two hn<\s lal>eiled Inmolecuiar and iinimcdecular indicate 
how the rate »>f jxdyinerisation would vary if it \vt‘re rcs|x*cti\'oly bi- and 
unimolecular The close {xirallelism of the results to the uniniolecular 
line IS m agreement w ith the data at (p. 20 at lo\viT values of the chain 
length. At pressures less than 005 mm. in llu* packer I tulx* and to a less 
extent in the empty tulx* appreciable thermal decom{x>sition of the 
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polymer occurred with the production of hydrogen and methane, so that 
reliable measurements of the effect of pressure on the polymerisation could 
not be made. 

Though the polymer is deposited on the walls, the w^alls do not retard 
nor accelerate its growth once that is started by excited mercury atoms. 
Had the chains been stopped at the surface the decrease in rate on pack- 
ing the vessel would have been (5/0-7)“ = 50 times. 

Effect of Intensity. 

p'or this j)iirpose tw-o lamps were arranged to illuminate the same 
part of the reaction tube at about equal intensities. 1'hree runs were 
made: (a) lamp i, (Ij) lamps i and 2, (r) lamp 2. In Table 11 , two exjx-ri- 
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2 


4 

E 

£ 

Of 

e 

O 


5 


2*4 

fi 


Fu] 4 


o 


o 


ments, one at high and the (»thcr low pressun-, are given to show that the 
rate of jxjlymeri-salKin due to Iwdh lamps operating simultaneenisly is 
nearly equal to that win 11 ojx-iated separately. This means that the 
rate of polymensatjon is proportemal to the rate at which the chains ;u(‘ 
started. 


The Propagation of the Polymerisation in Space* 

The polymer may easily be renrlered visible by gentle heating i)j r dc no 
when it carbonises to a darker 'h’|>osit. thereby fulfilling a useful purpose. 
Whereas the temperatun^ cr>efhcient of the rale of polymerisation might 
be able to ^deld an approximate estimate of the efficiency of the reactifins 
involved, there is a complication m that it is a composite coefficient describ- 
ing both propagation and termination reacti(jns. An alternative method 








H. W. MELVILLE 


265 


TABLE 11 . 


Low Pressure. 0*156 mm. High Pressure. 2*98 mm. 


Time 

nun. 

Presfture of Acetylene Polymerized. 

Time 

min. 

Pressure of Acetylene Polymerised. 

X. 

3 . 

r -t- 2 

Stniul. 

I 4 - 2 
Separate. 

*• 

2 . 

i 4- 3 
Stmul. 

1-1-2 

Separate. 

2 

0*0050 

0*0120 

0*0150 

0*0170 

0'5 

0*05 

006 

OI- 

0*1 1 

4 

0*0090 

00235 

0*0320 

00325 

1*0 

0*09 

0*17 

0*25 

0*26 

0 

0*0130 

00370 

0*0470 

0*0500 

1*5 

o*i6 

0*2 T 

0-34 

0-37 

8 

0*01 70 

00470 

0*0605 

0*0640 

2 

1 0*22 ! 

0*24 

0*38 

0*46 

10 

1 

0*0200 

t 1 

1 

0'058o 

i 

! 0*0740 , 

, 0*0780 

4 

6 ! 

0’39 1 
1 0-55 

1 

0-45 
0*6 1 

0*69 

1 1*00 

0*74 

1*06 


of measuring the efficiency of the propagation reaction was therefore 
necessary. The following (ie\ ice was adopted. A clean cylindrical 
reaction vessel 5 cm. long and 5 crn. in diameter was fitted with a band 
of tin foil I cm. wide around the middle (Fig. 5). The mercury vapour 
pressure was raised to i^-ooi niin. so that 50 per cent of the resonance 
light was absorlK'd in jH*netratiiig through j mm. of vajxnir, the zone of 
initiation of tlu* polymeris^itioi. Ixnng thend>y confined to a region close 
to the w*tlls The mercury lamp was placed about lo cm. from the re- 
action ve^s.se i ojiposite the foil. On carrying out the {K‘d\Tnerisation at 
high pn ssure- ■ 10 miti it uas observed that only the side of the reaction 
vessel facing the laiiif' U-canv* C’nered with jH>l\nnor. The zone of reaction 
must then be confined to a 
region close to the wall an 
observation further sup{X)rted 
by the fact that there was n<> 
visible trace of the de]>osit 
l)ehind the tin foil, 'Fhis was 
most easily ohserve<l by heat 
irig ttie vvhide th<‘ bulb t > 
carb(»u!se the dejxisit, admit' 
ting oxygen and applying a 
fine pointed flame along a hie* 
parallel to the axis of the 
tut>e (T'ig. yi). small {xu- 
tiun of the wall was thu'^ 
cleared of jxilymer in order to 
Starve as a control in visually 
estimating the density of <le- 
|x>sit. As the pressure 1.^ 
lowereil the zone of initiation 
remains the same, but the 
zone of polymerisation will 
extend further into the bulb. At 6*71 mm.. 1*35 mm. of acetylene 
being polymerised, no visible trace of the deposit could be detected at 
more than 1 mm. from the edge of the foil. On reducing the pressure 
to o p mm., dejxjsiting z mm. of acetylene in successive runs, the deposit 
had crept <lLstiuctly behind the foil, but the middle point w'as still clear 
of {Kilymer (Fig. 56). Finally at 01 mm. the deposit appeared to be 
fairly evenly distributecl behind the foil (Fig. 5^). although the densitv 
of deposit was not so great as that on the parts of the bulb directly exposed 
to the lamp. At a pressure of i mm, therefore the building up of the 
polymer occurs cluring a time in which the chain has diffused a distance 
of a few millimetres. A molecule of nonnal dimensions will diffuse through 
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a layer of i cm. of acetylene at i mm. pressure in about to-® sec., during 
which it experiences about lo* collisions. If the chain length is lo, 
reaction occurs once in every lo* collisions, which in turn corresfx)nds to 
an average energy of activation of 4000 cals., if only tw'o square terms were 
involved . 

This shadow method can also be applied to the question whether 
polymer is selectively deposited on a surface already covered. Starting 
with a clean bulb having the strip in position, about o-oio mm. of acetylene 
were polymerised. The strip was then removed and 2 mm. of CaH» poly- 
merised at a pressure of 6 mm. On carbonisation no selective d(*position 
of the polymer could l>e observed. 

Ethylene. 

A number of e.xperiments were also matle with t‘thvlene. The\' serve 
to demionstrate that the ptdymerisation of this molecule occurs by rather 
an indirect mechanism. In agreement with preliminary experiments of 
Olson and Meyers it was observed that on first illuminating ethylene at 
20^ there was a marked increase in pressure, followed later by a decrease, 
there being a residual pressure on prolonged ex]X)sure. The initial in- 
crease become.s more predominant as the pres.sure of ethylene is lowered, 
and for a given intensity of light the maximum is reached mor(‘ <|uickly 
at low pressures. The following figures show' the magnitude of these 
effects : — 


' > i .11,1 

Press, of C.Hi . . 1 I - 4*^\5 - 3^’ * 0 003 

Max. increase in tut. ’ ; , ' 

press . , . , 0-63 [0*41 0’^5 <►•!<) 0 22 • 0041 oou oo.:4 

Max. increase . | 0*004 ■ o*o#k) 1 0*070 f)*uM 0*130 . 0*21 5 o-jS i o*3S 

Time fur increa.se i : , ‘ ! I 

(min.) , . ’to IQ o 5 '2-5 iS 15 '2(» 


The increa.se is due to the production of gas non-conden.sable in liquid 
air. Since the pressure of gas condensable in liquid air remains constant 
the non-condensable gas must be hvdrf)gen. The ethylene then is first 
dissociated into hydrogen and acetylene The latter will jxdymerise as 
described in the previous pages. The hydrogen pressure do<‘s not continue 
to rise but gradually reaches a maximum, as is .shown f>y I'ig. (>. Heri* 
the results of a *^erics of experiments starting with identical t,!!* concen- 
trations have Ixjen plotted to indicate the total pre.ssu^^^ pressure of 
hydrogen and of condensable gas. The hydrogen must l>e consumed in 
the hydrogenation of the acetylene p<.»lyTner since the <lecreas<* in total 
pressure show-, that ethane, arising out of the hydrogenation of ethylene 
by atomic hydrogen, cannot Ix" a final prexiuct (if the reaction Making 
the assumption that after the maximum in the total pressun* tinu' curve 
is attained, the acetylene and hydrogen di.sap{x*ar in equmiolecular amounts, 
it then Incomes pjssible to plot on the same diagram the pre.ssure oi ethy- 
lene and of acetylene* during the whole course of jx»lymerisation The 
final ethylene ixjlymer may tlius be regarded as a hydrogenated polymer 
of acetylene. The pilymeri-sation of ethylene is therefore not a chain 
reaction like that of acetylene because (*vcry molecule {xilymcrised must 
first have been dissociated by a collision with an tixeited mercury atom. 
The difference Ixftween the acetylern* and eth done reactions is further 
emphasised when their tcmjxirature coefficients' are compared. Fhe rate 
of ethylene polymerisation is practically unaffected by raising the tem- 
perature from 27" to 280 compared with an approximately io4<dd in- 
crease with acetylene. For exran pie, at 2 01 mm. and 27 the rate 

of the initial increase of pressure was o-o8 mm. per min. and at 280'^ at a 
preSvSureof 413 mm., 0 07 mm./mm. It is noteworthy thateven at elevated 
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teinjH-Tatures the molecule which initiates polymerisation of acetylene 
does not induce the jX)lymerisation of ethylene, which is not surprising 
having regard to the fact that ethylene itself only forms a dimer at higher 
temperatures, whereas acetylene polymerises to a variety of products. 

The behaviour of acetylene may In* hricliy recapitulated : 

(1) Acetylene is polymerised at 20'^ (’. to a substance whose formula 
is approximately (C2H2l„ by ultraviolet liglit, excited mercury atoms and 
a-partirles. P^aeh type of stimulus induces the reaction of several 
molecules of acetylene. 

{2j The chain length (v) is irulependtmt of pressure from o*t to 760 
mm., independent of the rate at which chains are started and inde- 
penfhnt of tlie diameter of tlie rea<'tion t\ibe. 



(3) y increases from ,ibout 10 at 20" to about IvK) ,il 250 , at v. h;ch 

t« m[)cratun’ it a maximum and lends to di crease aliove 250 . {'he 
jjulud im Ica'^e isi y with temperature corresponds to an etu rgy ot actica- 
tion of tab. 

(4) liy mea''uring the distance t>f ])ropagatioii of tlie chains in sjia(’c, 
the average energy of activation for propagation amounts to not more 
than 4 <kk> t ^d-. 

The Mechanism of the Reaction. 

Sim the rea('Hon is of the ch.iin type in the sense that one actiwdod 
molecule ot aietylem^ may induce the reaction of several (dhers. the 
polymer mnst m the first instance be built up by the sinTcssive addition 
of acetylem molecules. The molecular weight ot the polymer ought 
tiierefore to be etpial to the chain length multiphed by tlie molecular 
weight of acetylene. At 20"" the chain length is 10 and tlic cnifiirical 
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formula should be (CjHg)!©- Hydrocarbons containing 20 carbon 
atoms are volatile on heating to 200-300® in a high vacuum. The acety- 
lene, however, partly decomposes when attempts are made to sublime 
it. This would appear to suggest that there is some secondary poly- 
merisation of the products of the gaseous chain reaction. 

The chain length is finite and therefore a reaction must come into 
play which prevents further addition of acetylene molecules. There 
are three types of collision which might be responsible for this phenom- 
enon. (l) Two polymers mutually destroy each other in so far as further 
addition of acetylene is concerned. (2) A collision between an acetylene 
molecule and the polymer, of a different character to the propagating 
collision, deactivates the latter. (3) The chain carrying polymer is 
spontaneously deactivated. Deactivation cannot occur at the walls since 
packing the reaction vessel does not diminish the chain length. 

The consequences of the second type of collision may now be con- 
sidered in order to show how it is possible to treat the problem of 
polymerisation by the principles of chemical kinetics. To obtain the 
rate of polymerisation the concentration of each of the transitorily occur- 
ring polymers must be known and in addition their velocity coefficients 
of reaction with acetylene. Fortunately a certain amount of simpli- 
fication arises automatically. Let /[C2H2] be the rate at wiiich acetylene 
molecules are activated, the activated molecules bt*iiig denoted by 

4 ]i • which acetylene molecules add 

on to activated acetylene and the rate at which such 

molecules are deactivated. Titea lor each polymer molecule therc-\ull 
be a stationary" state equation 


d/ 

d’iC.>H2l2 

d/ 


^^2^^*] U^2^^2J — ^ 2^ 

2^^2Jl[^2^"^2i 2^^2j ^ 2[^ 2H2jai^ 2^2] ^ t), 


Adding these equations, 

/[C2H2j - ^,iC2H2j,[C2H2; 

"T“ -f ^ 4‘ • • • ^ ^t!l}lCjH2j, 

^ ^n!A2^2]« 'r ^ li^ 

Solving each equation for the value of [CjHjj^, 

/[e^ / 


[C2H2], 

[C2H2!2 “ 

[(-2H2ia 


k, I 




A-’i “h ^ 1 ^<-2 r* ^*3 -j- 




T.k^ . . 
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Hence 

_ -r k\} 

2 H 2 ] 2{/?2 ^ 2} 1 * . . . ~f 2^ ^2! l^' 2 ^^ 2 i n{^r» ' “ ^ n}* 

Whence, substituting for the values of [CjHjjn, 


fc.vu' {3/ i- — -~~ 

d/ ^ 2 f' 2 . ki-rk\ 


: ■ fc. -i- 


p .r_- -.. 2 ±iJ - . T a, .» I -i. 

/[('aH.; I ' k^-rk\ 


ki k'n 


■ ^ .?.r-l.._. // ,l 

/ v^n ^ re I > 


or generally 


^2 

^ i ^2 -- k 2 kf^^l -r k n^i.i 




If the chain ^top^ by the ^pontaIKou^ dcrnmpo>iti(>n of the polymer 
inole<'uh‘, the last term in the e<|uation tor tlie stationary- concentration 
of tlie various earners becomes Proceeding in 

the same way it may be shemn tliat 


e- ij -4- {I Jli" , . 

: [i k,- k.rjuT^ ... {I - k:' 

n 

VT 1- 2! •!'' •■ ^''' ^'■’.*-' 2^2 ; '}■'* -V I, 

0 


and hence v will be proportional to the acetylene pressure. 

Finally consideration of the mutual destruction of the polymer 
<'arriers gives an equation sliowing th<*t the chain length i'= a function of 
the rate of starting and of the acetylene pressure. The experimertal 
data definitely support the first mechimism, that is, tennination occurs 
in a collision between a growing polymer and acetylene, for v is inde- 
pendent of [f'2^^2j propagating type of 

collision and therefore there must he two kinds of collision — one for 
propagating th<- gr(u\th of the polymer and the other for stopping it. 
The next question is tn separate the two types. 

As a first approximation it will be assumed that k\ - k\ k.^ ' v. 
Equation ^A' becomes 


p I 


I + 


1 f" A' 


+ 


(1 


.t)* 



If X is not loo small this series converges rapidly and Mmiming to -x terms, 

V 2 -i 1 .V. 


X cannot be unity, for v is greater than If the cliains are long, 


V 
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where a and a' are coefficients incorporating steric factors and square 
terms (if more than two square terms are involved in the collisions). 
At 20®, V 10 and E — E' = 4000 cals, a/a' is then 8 x 10* Consider- 
ing the steric factor first, it is probable that only a small portion of the 
polymer molecule has the property of adding on an acetylene molecule. 
On the other iiand, two possibilities may be distinguished in the ter* 
mination collisions, [a) The acetylene molecule on colliding with the 
polymer disintegrates it into fragments incapable of further propagating 
the chain (steric factor large compared with that in propagating col- 
lision). (/?) The acetylene molecule becomes attached to that position 
at which growth of the polymer normally occurs, but a rearrangement 
of bonds takes place such as to prevent the further addition of acetylene 
(steric factors for propagation and termination equal). If steric f.u tor^ 
alone controlled the magnitude of a/a' then a' would be e(jual to or greater 
than a. The factor expressing the increased rate of activation <lue to 
the participation of more than two square terms in the activation pro- 


cess IS 


I ic 




HINT 


is not very large, ca. 10. L is greater than E\ and heme the square 
term factor for propagation will be greater than the termination tact or 
if > s'. If further > s' then the ratio of propagation to ttTmination 
fai'tor will decrease with temperature and will tliercforc ten<l tr) com- 
pensate for the intTcase brought about by the simple energy of ai tivatiun 
factor thus making the chain length finally independent ot 

temperature. If .v is a function of the size of the polymer, thi'- will 
make the scrie.s expre.^sing the <'hain length converge more rajudly, 
but the sugge.sttMi explanation of the maximum in the chain length- 
temperature t'urve remains as before 

According to the treatment given above, tlie average m«»lc< ular 
weight of the polymer will he equal to i' - sim c tlierc is a 
finite probability that the chain will be stO})pcd at any link, the molec- 
ular Weight of the products ot the ♦. hain reaction will thcorct ii'ally 
extend from i . t(^ Wlicn x is ;i turn tmn of the ^\/.v 

of the polymer, however, tlie tend(‘ncy for the formation of polymers 
of high ninlccul.ir weight will l»c curtailed. 


Summary. 

The mercuiy photo>ensitise<i |x>lymen.salion of acetylene ha.s U^en 
studied at pressures from O f)3 to 10 mm. and at teiiqH‘ratures from 20^ 
to 500^ with the following results : 

The excited mercury atoms form, with an acetylene molecule, a comjilev, 
which then adds on further acetylene molecules thereby producing a l^dy- 
mer by a chain mechanism. 1 Ik- chain length (no. of acetylene molecules 
polymerised excited mercury atom deactivated by acetylene) is in- 
dependent of acetylene pressure, ot the rate at which chains are started 
and is not affected by packing the reaction bulb. l‘he chain length {10 
at 20’''} increase.s to if>o at 250' , thereafter decreasing. 

These kinetic.s are sliown to he c<*nsisteiit only with the assumption 
that the cessation of the grow th of the jwjlyme/ is due to a collision of an 
acetylene molecule with the growing ])olymer but of a different kind to 
that resjx)nsil)le for propagation. 

Ethylene also jxjiynieriscs iimiei the same conditions, but it would 
appear tliat the first stage is the dis^uciation to hydrogen aiul acetylene 

** Hinshehs(>o{}, hnirtiCs, j>. U‘d edit. 
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followed by the polymerisation of acetylene and finally the partial hydro- 
genation of the acetylene polymer. 

The author wishes to thank Prof. E. K. Rideal for sugge.stirig this 
investigation and for many lielpfiil discus.sions during its progress. 
He i.s also indebted to the Royal Commissioners for Exhibition of 1851 
for a Senior Studentship. 
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It j- generally ( orn'eded tlntt, of the two allot ropie rnodiftoations of 
phtisphoru.s, tht' re<l one i'^ a p<.>lyrner. How tin* polymer is constructed 
and from wljat s\/a- of unit is not \'ery < learly defined in the few papers ^ 
on the subject. Attempt^ have been made to measure its molecular 
\s eight and it in suggested that this is Pg or even higher.^ Much work, 
too, hii'^ been earried out «»n tie* < oiuiitfons necessary for the reversible 
t r.uisf(u-inat n>n white red to proeeed. In so far as the eijuilibria of 
the system arc coni'erned. the fioNition may be regarded as satisfactory in 
its main outlines.® With reganl to the constitution of white jihosphorus 
there w, for the present purp(»-e, not much doubt. It dissolves in sob 
vent.'' ^ucli as carbon dj.sulphnle in unit- of P^ and its vapour density 
.ibo show,- that l\ mohs'ule.- are in equilibrium with the s(.)lid. 

No attempt- h.ive, lunvever, been ma<le to elucid<ite the nature of 
the traU'Sionnatitin nor of liie ('f>nstitution oi red phosphorus ^if it is a 
[)olymcr by tiic methods o! chemical kinetics, probably l>ecause the 
'-y^tem i-. not an easy one to work with. I'he vapour pressures of botli 
moditicat ions are .-mall at 15 ’ ( . and even their ratio at high tempera- 
tures is rath<*r high, (»nly *itiaining equality at the inconNcnient pressure 
ot 41 atmct>pherrs. 

The pre-i’Ut paper liieretore describes an attempt to apply kinetic 
concept-, to the prol»Icm. f luring the eourse of some experiments on 
the Iielerogeneous initiation i»r reaction chains in phosphorus-oxygen 
mixtures at low [iressures by mt'ans of a tungsten hlametu.* it was fre- 
quently observed that th<- n action bulb became covered with a tilm of 
red phosphoru-. ll wa- noteworthy, moreover, that the deposit often 
appeared at M»me consider.ihle distance from the /.one of reaction, even 
penetrating into narrow^ capillaries. Apparently besides catahsing the 
chain reaction, the tungsten could in some way transform phosphoni- 
vapour to re<l pho^^phorus, for the red deposit is not fonned if phos- 
phorus and oxygen are allowed to combine spcmtaneously at pressure.- 
only slightly higher tlian those employed for the stable cliai: reaction. 

* C/. r ^ . Schoiuk, Rer., 1902. 35, 351. 

*(./ l indhn, rht Phinc Hide, p. 59, lami;niaa>. 

* Nieh iUe and Ludlam, I*toc. Hoy. S<h' , 1032. A 135. 315. 
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Similar deposits of red phosphorus, unaccompanied by white phos- 
phonis or phosphorus vapour, are obtained when phosphine is decom- 
posed by light of A < 2300 A,^ by excited mercury atoms,® or on the 
surface of tungsten or molybdenum.® By passing a stream of P4 
molecules through a silica jet at 500-800° in the apparatus shown in 
Fig. I, circular deposits of red phosphorus may be collected on a glass 
surface cooled to -80° and of an area to be expected from the geometry^ 
of the jet system. Summarising then, it appeared that if r4 molecules 
be heated to a high enough temperature, or if phosphorus be formed 
in the deconipo>ition of phosphorus containing molecule.s, it is invariably 
deposited as the red modification. 

At room temperatures, red phosphorus has a negligible vapour 
pressure and therefore the transformation in presence of a tungsten 
filament seemed to a comparatively simple type of heterogeneous re- 
action which might help to throw some light on the manner in whicli red 
phosphorus is deposited and also on the constitution of red phosphorus 
itself. 





White 

Phosphorus 


>» 


! 

\Pvmp\ 

Fig. I. 




Another problem on which a .simple heterogcn(Hi> rcMCtion of tins 
nature might bo able to yield some information is as follows. In certain 
heterogenous reactions, the collision efficiency of the reactant molecule 
happens to be approximately equal to where E is the apparent 

energy of activation as measured by the temperature coefficient of the 
reaction velocity.^ Such a relationship, though probably fortuitous, 
would imply that molecule.s merely collide with the surface, abstract 
irom it an energy equal to or greater than E and react forthwith. If 
such wTre the case, molecules possessing in the gas pluise energy rather 
greater than the average would react more readily since they do not 
need to acquire so much energy from the surface. In other words, the 
energy of a molecule in the gas may contribute to the energy* of acti- 
■v^ition derived from the surface and so aid its decompo.sition thereon. 


« ‘/m.. 1032. A138, 


* Melville and Roxburgh, 

’ See e Hinshelwood, Kin 


them, Soc., 1933, 58b. 
inettes, }> 300. 
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At high pressures, and with filament catalysts, it is difficult tu dis- 
entangle such effects because there is a region of gas round the fildiuent 
at the same temperature as tlie filament itself. In point of fact, reactions 
are known • where the decomposition goes on in this gas layer and not 
upon the surface. 

By performing experiments at low pressures, in which tlie mol(‘‘'ules 
colliding with the filament possess on the average an cnerg>’^ rorres- 
fionding to the temperature of the containing vessel such information 
may be obtained by varying the temperature of the reaction bulb, 
maintaining that of the filament constant. If the rate of reactifin re- 
mains unchanged, it is certain that all molecules have an equal prob- 
ability of reacting on the surface those of high energy content not i^eing 
specially favoured. This would mean that the molecules which react 
sojourn on the surface at least long enough to come into complete 
thennal eqiiilibrium with it. Langmuir ® with this view’point in mind 
found that Indb temperature had no effect on the rate of attack of tung- 
sten by oxyg<‘n to form WOj. A similar test may be made wdth the 
tungsten -phosphorus system but with the important difference that the 
tungsten is not attacked. 

Anomalies in the Vapour Pressure of Red Phosphorus. 

In dealing with the tran.sformation red phosphorus white phos- 
T>horu5, it has always been assumed that the vapour in equilibrium with 
both modifications consi.sts of P4 molecules. If now the thermal relations 
concerning the reaction be examined a curious anomaly is revealed. 

First it is necessary' to collect the available somewhat scattered 
<laia on vapour pressures From the experiments of Centnersw’er and 
others it is concluded that \\q>our pressure of liquid white phos- 
phc»rus is giveti by 

J ” 3297/T 

which corresponds to a heat of evaporation of 15* *• 8 kg. cal. per mole. 
Recalculating liic data at 44-150'^ C., a smaller value of 12*9 kg. cal. is 
obtained. From tlie mca.surements of Smits and co-workers on the 
variation of the vapour pressure of solid red phosphorus wdth tentper- 
aturc, the mean value obt.uned for the heat of evaporation is 23*6 kg. cal. 
Tlie heat of transformation white to red is 4*0 kg. cal.^* and if a -mall 
cycle be set up, it will be seen that there is a discrepancy in the heat 
content change of the system oi 8*9 kg. cal. Admittedly the heat of 
trmisformaiion is not known very accurately, but it is certainly not in 
error by 8*9 kg. cal., which would be required to make good the discrepancy. 
Even an approximate rule as that of rrouton shows that the 

vapour pressure of red [ihosphorus is anomalous. White phospliorus 
has a vapour pressure of /to mm, at 280*5*^ C. and therefore Trou ton's 
constant is 23. Red phosphorus has a vapour pressure of Jto mrn at 
417*5^ ( ., Trouton’s constant being 37*4, compared with an average value 
4 22. If the liypothesis be made that red phosphorus is in equilibrium, 

• Steacie, J. Physical them., 193-2. 3074 - 

• Langmuir. J. Jmrr, Chem. Soi ., 19*3. 35 * 105. 

*• Centnerswer, Z. physik, Chem,, 1913, 85# 99; Freuncr and Brockmoller, 
tbid., J91 2, 81, 129: Mackae and van Voorhis, J. , Chem. Soc., 1921, 43. 347. 

Smits and co-workers, if. physik. Cktm., 1914, 88, 60S: 1915, 90, ; 

J916, 9 «» i 249 - 

**Gij:an, Comp. Rendus, 1903, 136, 550, O77. 
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not with P4 molecules, but with Pj molecules, the anomaly may be re- 
moved to a largje extent. 

The cycle of processes is therefore amended to that shown 


- 1^-4 / \ + --s-s 

/' \ 

Red 

- 4*0 


-30 

P4 

— J2-C) 4 

White-< Red 

- 40 


46-9 


The energy of dissociation P4 ~>2p2 ha> been taken as 30 kg. cal.^^ ami 
hence the energy required to evaporate two moles of P2 is 46*9 or 23*0 
cals, per mole. Other measurements have indicated the dissociation 
energy to be rather larger, namely 50 kg. cal. per mole,'^ from ^^hich the 
heat of evaporation turn.s out to be 33*5 kg. cal. 

When red phosphorus i-s heated in an enclosure in oriier to determine 
its vapour pre.ssure, P^ molecules evaporate and condense. In the ga^ 
thev combine j)artly to form P|, the equilibrium [P2i* ■ A' jPij l>eing 
estalilished. The measured vapour p^e^su^e is that due to P4 and P*. 
molecules and therefore is not a true indication since the eijuilibrium i- 
almost wholly on the P4 side, at h)w temperatures, Tin* ob>ers'r<i 
vapour density in fact shows this to be the case and naturalK it would 
be concluded that P4 molecules are in equilibrium with red phosphoni-. 
The concentration of P4 molecules over red plucsphorus is tlien given b) 

P; --- fPjjVA' . exp. (- 2 Xp,IRT ~ 

where Ap, and Ab.p. are tlic true ami aj>parcnr heals of cvapor.ition ot 
the red modiftration. From the observed \ a|)uiir f)re^^ure> 

- 2Ap, - 25 8, 

theretore if Ar4->i»p, Ap, ~ 

and if Ap^«^,np, is Ap, 37'q. 

The first Value is ui good agreement with that cahailated tr(»ni the >ecomi 
cycle of procose.s. The .second is detinitely loo liigh. Tlu* uncertain 
value of the energy of transformation may be tlie cause of the di.'-<Tef)am'\ 
— a higher value would be required to obtain better concordance. It s<.> 
happens, if Z:p^>.^2P, 30-0 kg. cal., the temperature coefheient of the 

pressure of P4 and Pj above red phosphorus gives an apparent heat ot 
evaporation not far removed from the true value. The real vapour 
pre>sure will, however, be very mucfi smaller than that observed. 

If this argument be correct, it suggests a mechanism whereby P4 
molecules may form red phusph(.»ru.s and tiierefore how the transformalit>n 
may proceed via the gas phase. The essential condition is that the 
phosphorus molecule - P4 be dissociated to Pj which must imping(‘ on 
a surface before recombination m the gas can occur. Conver>elv, if 
red phosphorus be de])Osited as a re>ult, say of the decomposition of 
phosphine, it would be inferred that Pj molecules were formed in the 
penultimate stage of the deronipo4tion. 


Experimental. 

'I'lie principle of the method cniploy<'<l in these exjx'riments was simple. 
Phosphorus vapour from white phosj)hurus wa.s admitted to a suitable 

Preuner and Brockinoller, / ^hy tk. i'hetn., lyi/. 81, 

Stuck and Stainiu, Der.. lui 46. 3497. 
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reaction bulb fitted with a tungsten filament and the ‘ clean up ' followed 
by a Pirani gauge. 

The white phosphorus was made in the following way. Red phosphorus 
was susj>ended in a hot solution of sodium hydroxide to free it from oxide. 
It was then washed, dried and sealed into the apparatus. It was at first 
heated gently in a good vacuum to remove all traces of water vapour and 
of oxide and then heated more strongly to obtain white phosphorus. The 
phosphorus reservoir was finally opened to the pumps for several hours 
arul an appreciable fraction of white phosphorus evaporated in order to 
Ik* abstilutely certain that all traces of volatile oxides were remov^ed. The 
vapour pressure was regulated by immersing the reservoir in a vacuum 
Hask containing water or ice at the required temperature. 

lilt* Pirani gauge wiis fitted with a platinum filament o*oi mm in 
diameter maintained at about iw)'' C., at which temperature the phosphorus 
vaixiur did not appear to attack the metal. The gauge w^as used by reading 
the voltage recjuired to maintain the bridge circuit balanced, in which case 
the relationship 



(wheiel'e and I’ are the balancing voltages for pressures zero and p\ holds 
valid up to pressures higher than those encountered in these experiments. 

< ahbratKJii v^as edeclcfl by immersing the phosphorus in a water bath at 
\ai lulls teni|H‘ratures arul calculating the vajxmr pressures by extrapol- 
atiun from measurements made at higher tern |xjratu res. This gave a 
value of k (»f iSi, compared with 122 fur oxygen, thus constituting an 
appruximale te.st of the validity uf the extrajxdated values of the vaj>our 
pressure. 

\ luinilH'roi diheient reaction ve.ssels were employed, each t>eing fitted 
uilh a ili\ uied filament for more accurate t»‘nij)erature detemiination, as 
has pieviou-*Iv l>i‘en de,scril>ed • The method was however slightly altered! 
’fhe two filaments \\<*re placed in one arm of the bridge and a high re- 
Mstam. e voltmeter used for nu*asuring the voltage drop across each filament. 
'I he total resistance of the two was known from the bridge resistances so 
the rosi^taiue <d each could l>e calculated A variable resistance could be 
in.seitt^d in place of the longer hlainent when measuring the contribution 
iiiadi* by the shfirtcr filament to the total reaction veifKity. An accurate 
ammeter was also in.serted m the bridge circuit so that the watts input to 
th(* Idanu nts could lx‘ de termined at any instant during the reaction. Fhe 
filaments were thoroughly uutgassed l>efore use and the resrstance tem- 
j>erature curve of the tungsten measured by separate experiments. 

i he reaction biillis wi re cleaned with bromine water to rcmo\e red 
pliosphoi iis, rinstii with distilled water and finally l)aked in vacuo at 350'^' P. 
for sevrnil hours. reinjxr Uure was controlled by imnuTsiim in a large 
vacuum flask containing watci. Reaction vessed 1 (Fig. z) was cylindrical, 
*; t in in ihametcr and hatl a volume including ctutnections of 157 cc. 
DimenMons of tdamenls wore 12 and 3 cm hmg, 0*1 mm. in diameter. 
Reaction 1 1 was a bulb of aNuit 5(x>o cc., fitted with short and thin filaments, 
the <lifnen.sions Ixung so arranged that if every" molecule striking the fila- 
ments reacts the half life is about (x> sec., if the reaction is unimolecular 
By means a ground joint and a small windla.ss a glass cylinder, i tm. in 
diameter, could Ix^ ioweretl to .surround Ixith filaments. In this way the 
red phosphorus could tx* ciillected Ix^fore reaching the walls of the large 
bulb, Reaction vessel HI was uf similar external dimensions to 1 except 
that it was fitted with a single filament only. 1‘his was siinounded by 
a pyrex cylinder w(nind with nichrome strip which in turn was co\ered 
with another closely fitting cylinder. A Pt - IVi thermocouple in a 
thin pyn X sheath measured the teinj^erature uf th<* surface of the inner 
cylinder. The whole could be immersed in a Kitli of a C‘<.)4-“--ethtT mixture 

.vr ( . Reaction vessel I\' consisted essentially oi a plate P iqxni 
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which red phosphorus could be deposited by means of a moveable filament 
system not shown in the diagram. Above P there was a liquid air cociled 
surface L, and below a furnace F consisting of several spirals of tungsten 
backed by a nickel reflect or in order to heat P by radiation. PTill details 


I II M H 



Fio. 2. 


of this tube will be published later. Reaction vessel was again smiilar 
TO I, but a single short filament was placed at the bottom of the tul>‘ : 
in some experiments to be described below' a mica disc was suspended 
in the middle of the tube. Arrangements were also made for heating 
various parts of the tube by means of a moveable furnace. 


Results and Discussion. 


A few typical runs with reaction vessel I (R.V. I.) show'cil that the 
phosphorus deposited readily as the red modification and approximately 

according to a 

TABLE I. KV 1 . ItMi*. 15 b unimolccular 

„ mechanism as 


Initial 

Pre&s^ure nun. 


Initial Ratp 
mm. mm, 
X io<. 


n.ir:. 


o-oi80 

4 ()-o 

1-8 

0*01 86 

51-5 

z (> 

o*oj88 

8*9 

J 4‘4 

0-0188 

1-4 


00188 

1*7 

: 

0*01 81 

•F 7 

i 28.4 

0*0x78 

12*6 

8-2 


I 


l-ilairtcnt* 



may be seen 

■mrK*raiur»’ 

"C. 

y • {«/. 

frrini Fig. 3 



where log,o 
Po/P is plotted 



7'2 

to* 

againstf. 

'a*! 

VO ' 

19 * 

the initial 

5 ^*i 

9-1 X 

lo"’* 

pressure of 

; 



and p that 

5 S 5 1 



after time /. 

5f>« 

00 s 

3 ^ ■ 

l 59 

10 

Table I gives 
a series of runs 


* carried out at 


• For t# xt. 


different t<*m- 


p e r a t u r c s. 

From the dimensions of the apparatus, the fraction of molecules react- 
ing to those striking the filament has been calculatcnl, the assumption 
being made that every molecule activated by the filament is deposited 
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as the red modification and is not transformed back to P* in the gas or at 
the walls. The temperature coefficient of this fraction yields an apparent 

energy of ac- — ■ " 

tivation of 41 — — « 

kg. cal. The f 

red phosphor- A 

us was fairly OS — 

uniformly de- / /q 

posited on the / / 

surface of the / / / 

bulb but there p / ^ 

was visible f / D 

evidence that / p / 

during some / / / 

runs certain 

portions of the p p / 

surface col- / / / 

lected more / / yP 

red phosphor- / / / 

us than others. / / / 

In addition, 1 / / 

i>‘d phosphor- Q '2 ± — 

us ji»rafiually i / / 

made its way I / / 

1 n to other ; ;7, / // 

parts of the J y / 

apparatus, /*}/ 

< >n .account j// — O- j 

of ih(’ sole*'' V ^ ■‘\ i j 

ph'o us and f 3. 

ais' ‘ having re- 

garii to the Iw'hef that the i>*d moJihcatioii >ome kind of polymer, it 
apj>i‘ared that the condition of the surface controlled the ctfecti\ eiiess of 
th(^ encounters with the waiU. In addition, the stream density of active 
niolet ules might also determine whether red phosphorus would l>e deposited 
at all S^me early preliminary ex|K‘nments indicated that towards the 
end -^00 }HT cent of l\ cleaned up--the reaction came to a stop, the pressure 

of phosphorus remain - 

lAliLl“, II K.\ . II Vui 5,p>o i-iKEcuvr, stationary. T’pon 
Akea of I iL ament 1-os cm.® increasing the tem- 

perature of the fila- 

^ meat, deposition re- 

.,,.0' Tcmr,r..u« . commencwL To find 

whether the stream 
density did actuallv 
WhOo.istieathOfl ; Sh.aih On. oa. attain a critical value 

for phosphorus to be 

0 I o oltSo j 0*0173 o 0*0174 0*0174 ’^^Jl^'sited, R.\ . II. 

1 t 0*0104 o*0^»o3 -2 0-OOV7 0 0095 employed in the 

2 0'<x)59 I OMx><»5 4 ; 00067 00004 following manner. 

3 0*0045 10*0040 o ,0 0050 0*0051 By means of the wind- 

4 0 0037 j 0*0037 ^ : 0 0044 0*0045 lass, the glass tulv was 

h 0*00.15 j OOOJ 5 i-i I 00037 o*oo3vS lowered so as to sur- 

i 75 - 144 144 sec. round both tilament> 

and a clean up run 

, ^ . . made, the red phos- 

phorus now l>eing caught on the glass tube. Xexl the sheath was raised 
and a similar run earned out. The area upon which the deposit was now 
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being formed was 1390 cm.- compared with 15' 7 cm,* or a 10*- fold 
increase. Four typical runs are quoted in 1 'able II and it will Ix' seen 
that the half life of the P4 molecules is not affected at all. It may be added 
that, after a numbt r of runs had been carried out without tin* sheath, the 
surface of the large bulb was uniformly covered with red phosphorus. 
I'hese experiments show conclusive!}" that the stream density has nothing 
whatever to do with the probabilit}- of deposition and that the rate of 
“ polymerisation ” is likewise independent of the number of molecules 
striking the surface jier cm.* per sec. 

Calculation of the Theoretical Half Life. As was stated al)ove, 
R.V. II. was so dimensioned that if all the molci iiles striking the filament 
reacted, the half life would be conveniently measurable. From the 
Herz-Knudsen effusion equation the rate at which molecules at 15*^ 
and at a pressure of I mm. strike tlie filament is r 85 \ 10*® per .sec, per 
cm.“® k the unimoiccular velocity constant is defim^cl by k (-- dpip' dt. 
If A is the effective area * in cm.^, n the number of molecules -trikmg 
The filaiTuait per cm.^ per see. at 1 mm., V tlu' volume of the rtMcliou 
svstem in c.c. and N the number of molecules per r.c. at I mm, pr(''-si-re 
jt 15^ then 

, , nA 

{ — dp‘p) dt ^ -p - K, 


which is 46 sec. for R.V'. II. 

The half life of phosphoru.s vapemr in R.V. 11 . was then dett’rniiiied 
for a number (4 temperatures, and in the following 'Fable 111 . the results 

of a t\pic,il Series of ^ \* 


TABU- III. 


4 

1 finp. ‘C. ■ 

htticifJicy «. 

I 

1 

< >3 t 

57 ■ 

0.7 

1180 

1-14 • io-‘ 

I'S 


.^•74 A 10 

-'3 

, 

a '33 * 

JL'O 

1040 

3-83 JO'* 

2‘h 

1 

30 10-* 

.s-2 

# to.s 

i-3<i . i<>”* 

; 

382 

<ri * lo"’* 

■ 22-4 

. i 

5*8 ^ jo-^ 

<> 4 h 

.=>M> 

1*38 A 10 


fxu'iments are eolleered. 
IV^r comparison a srrir^ 
obtained with K W I an* 
also inclmled. W in n tliC'-e 
are gra]>lu'd by phuting 
logio € against I /7 , it w ill 
lx* seen (Fig. 4) tiiat at 
low efficieiK les the line is 
nearly .straight, tiu' sIo|>e 
corresponding to .in ap- 
parent energy of a(:ti\a- 
lion of 41 kg. cal., where- 
as as the efficiemy rises 
the line curves nuind 


until it asyintotically ap- 
proaches the value log^o ^ ~~ Fhe transition is gradual and shows lU) 

sign of any discontinuity, bime it is known that a clean tungsten sur- 
face may be obtained by heating to fenperatures in the neighbourhood 
of 2000', it is likely that at the lower temperatures employed, tia 
molecules adsorbed on the surface are only tho of phosphorus. 

The fact that the observed and calculated half life period.^ agree 
'well in absolute magnitude lead.s tr* two important ('onclusicuis, ji),. 
first is that all molecules which react on the filament condense hs red 
phosphorus on the wall.^ of reaction vessel. Had, for examph., an 


* her the purjKxses of cjikiulation A is taken to lx the geoinetncal aiea 
Cy. J. A. Becker, J\‘eviews nj Modern Phy.utK, 1935, 7, lo}. 
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npp^ivciabK' fraction reformed P4 molecnlcs, the observed iialf life would 
not Iiav<‘ approached the calculated value, but would have been much 
higher. On the other hand, if the evaporation of one active molet ule 
had induced the reaction of several molecules to yield a polymer by 
the successive addition of P4 units in the gas, the half life would have 
been smaller than theory predicts, rijis .-statement is alsfj .supported by 
the observation that surrounding the filament assembly with a sheath 
does not affect the reaction velocity, which might happen if a ( hain 
polymerisation had occurred with the eventual termination of the chains 
on the walls. It i.s a very remote po-'.ibility that the agreement is: for* 
tuitous, the two factors mentioned above exactly cancelling each otlier. 
Wliut is also established from thest* observations is that the molecule, 
which ultimately forms red phosphorus, is not merely a P4 molecule 
which has come into thermal equilibrium with the surface of the filament 
and owes its activity to this alone. Otherwise the rate of deposition 



I'lG. 4. 


would have* increased on bringing a surface closer to the lilamcnt, ;or 
tlien there is less ( ihin<‘»' ot ihr energy being dissipated by collisions with 
<‘tlicr ino|ecule< on ditfu^ing to the walls. 

Energy Input to the Filament. 

Since a considerable fraction ef the molecules colliding with the fila- 
ment at high ternjwature reacts, it liecame possible to measure appn^x- 
imately the energy re<|mred to activate a molecule. During each run 
with R.V. II. the arnjx*res flowing in the hUinient were obser\a‘<i and abi> 
th<’ amperes rt'C|iured to maintain the filament at reaction temperatun in 
vacuo. A typical run is recorded Ixdow (Table IV.). 

The excess amperes ar<‘ conifwatively small, but the square of the excess 
IS approximately pro|x«i;ional to the pre.ssure of the phosphorus vapour, 
as is shown by the last column of Table l\\ The total energy E supplied to 
the central part of the long tilanient in excess of that in vacuo and reman ed 
therefore by the P* molecules is given by 

E AM 
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TABLE IV. — R.V. II. Filament Temp. 1640. 


Time 

(min.). 


Tiint* 

(min.). 

Amps. 

Excess 
Amps, over 
that in 
Vacuo (»), 

f 

Pp , 

Interpolated. 

1^. 


0 

■ 

OOL 54 

0 

0 - 379 * 

0*027* 

00154 

7*3 X 10 

21 

1 

* 0*0090 ! 

0*5 

0-374 

0*022 

j 0*0112 

4*8 X 10 

2.3 


o*oo6i ! 

1*0 

0-3 70 ; 

o*oi8 

1 0*0089 

3*2 X lo-^ 

28 

1 

0*0043 j 

2*5 , 

0-368 

0016 1 

00054 

2*6 X io-*< 

21 


0*0031 ! 

3-5 : 

1 0-367 i 

0*015 j 

00037 

2*3 X io-*< 

xb 

S 

0*002b 1 

.s ! 

0-363 : 

0*01 1 1 

0*0026 

1*2 X JO~^ 

22 

^ 1 

0*0020 

i 

" 1 

0*362 

0*010 j 

0*0020 

1*0 X j 

20 


Kesistance of central portion of l(mg filament 3*99 { R ). 

Half lift* due to the a^ve 2 0 min. 

* Extrapolated. 

{R is the resistance of the central part of the long filain<*nt.) But k the 
unimolecular constant is In 2//p so integrating and snhstituting for k 

E - . /^,ln 2 

where t\ is the half life due to the central ixwtion of the lung filament oiil>', 
and u is the extrapolated value of the current at / O This amounts io 
2 ’22 \ 10-* cals. 'i‘he number of moles de|V)sited. that is, 5400 cc. oi P* at 
0*015 mm. is 7*9 lo-'*. The fraction molecules reacting is o’38. 
If the greater part of the energy supplied t<j the filament is employed in 
dissociating the P4 molecules, the energy of dissociation i.s i 2 1,4*8 ' 20“" 
or 25' 1 kg. cal per mole, which is in reeisonable agreement with the value 
calculated from the variation of equilibrium constant with Unnpct\iUirv . 
Two corrections, the magnitude of which it is difiicult to estimat<', must 
however l>e taken into consideration. 

The tcnipcr<iturc of tlie P4 moiccuh* colliding with tlie filament 
about whereas the temperature of the two Pj molecules leaving it 

is probably that of the filament. Secondly, the fraction {o*02) of the 
mole. Miles which is not dissociated probably comes into thermal equi- 
librium with the filament thereby absorbing energy*. The niaximuin 
amount removed in this way may be calculated as follows : The constant 
k of the equation relating voltage across the Pirani bridge with pressure 
is prriportional to the accommodation coefficient of the gas on the fila- 
ment and to the specific heat of the molecule at constant volume. Sinc;<* 
no special precaution.s were taken to ensure a really dean .surface of the 
Pirani gauge wire it is probable that the accommodation coefficients for 
ox>*gen and for phosphonis are nearly equal. In this case the ratio of 
the values of k then gives the ratio of the .^^pecific heats ; that of Oj is 
5*0 cals, per mole and therefore P4 is 7*4 cal./mole. The energy con- 
ducted away from the filament thu.s may become comparable with the 
heat of dissociation itself. The calculation of the dissociation energy 
consequently subject to some uncertainty, but the figure obtained brings 
furtlier support to the hypotlu*<iv that l\ molecules are activated b>* <‘x- 
periencing dissocuition. 

One possible mechanism of the dissociation can, however, at once lie 
ruled out as a result of tlicse experinients. If it were just a question of 
the P4 molecules being brought into thermal equilibrium wuth the surface, 
the “ hot molecules dissociating after leaving the filament, the fraction 
of molecules dissociated wouUl he e /; cnerg\* oJ 
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dissociation of the P4 molecule and T is the absolute temperature of tfje 
filament. At i 6 ixi" this fraction is about 3 X if E is 30-0 and 3 io~^ 
if A is 50*0, compared with llie observed value of 0*38. The calculated 
fraction might be increased by supposing that more than two square 
terms contribute to the energy of activation, but the poisoning of tiie 
activity of the tilainent by (*xyg(‘n, in addition to the evidence cited on 
page 276 indicates that the dis'^ociati<»n is a specific reaction rather th.in a 
mere heating of the molecules by transitory contact with the surfa< c of 
the filament. The experiments with oxygen will be described elsewhep*. 

I'he Evaporation of Red Phosphorus. If molecules always conden-v 
to red phosphorus, and that indeed is supported by all the evidence so 
far availalile, llien when reel phosphorus is heated it should give oft 
only Pj molecules, provided the couditions are sucli that these may not 
combine to P4 before being detected. The evaporation must therefore 
be Crirried out in vacuo and at low t vapor.ition rate<. 

A prcdiininary (]ualitati\e exfM’riinrnt to det(‘rmine whether red phos. 
phorus mav be t'\a|)orated and again condensed as the red modification 
was made in the folhming wav empl 4 »ying K III. Phosphorus vapour 
admittt‘d ami ilej^^siied as tin* i»*tl nuxhtication on the inner walls of 
the tiirna<(^ by lieating the tilamt*nt After thorough evacuation, the 
lunuu't* tem|KTiitiire was rai.si^d to alwait .joo the reac tion bulb now Ix-ing 
}>la< fd in a bath <jf Pi), and ether at — The temperature opposite 
the furiKK'e was a little higher, namely, --50 Tlu‘ jnimps were kept on 
during the ajvoralion the jdiosphorus rjK>n withdrawing the CO, 
bath, the pressure (Ui the \ esse I ros<' to alxiut om) 2 rnin. and when oxygtn 
was adnnlt<'d the i haractenstie glow of ]>hosphonis was emitted. In 
ant>ther <‘X|H'nment the gas e\ oive<l could 1 k‘ redeposited as red phosphorus. 
During th(‘se i'\}xTnnent.s, however, re»l phosphorus was also deposited at 
the foot of the reaction \ess»-I, lai the coolest part. With this type 
apparatus it is thus e\ ident that Duti \\ and P, molecules are obtained on 
heating red phosphoru.s. J hxs does not mean that lb molecules evaporate 
from red phosphorus, for the exp-rmiental romliti<»ns were such that it 
would not lx* imp»>Ml’le lor th«- Pj molecules to retombine as will lx* s<^en 
from th<’ following exp*ririients made \\ ith K.W I and K.W W On carrying 
out similar e\p<Tinu*nts w ith K l \ , in wha li tlie red phos})horu.s is slow Iv 
«‘va}>orated verv nearh' as a i^'lhsion free stream of molecules directly ('U 
t/j a lupiid air cooletl gl.is.s surface, red phospluinis only is dejHisited. 

Effect of Reaction Bulb Temperature on the Rate of Deposition. 

In the introduction it was punted tnit that if the energy of a molecule 
in tht' gas phase aids its faeihtv ot re»ctio?i on a surface, there ought t<» 
Ih" an increaM* in tlu* \elocit\‘ of reaction if the tempTature of the cv^n- 
tammg vesMd lx* raised .\s i\u figures in Table \'. demonstrate the 
phosphorus (lean up exhibits ju:!»t the oppisite effect the rate of reaeti^m 
dcxrease.s, This at once precludes a test of the hyjxithesis, which how- 
ever stxTiis improbable from what was mentioned atxwc in conmcciuin 
with the absolute rate ul reactum and the temf>erature of the catalyst. 

The increase in reaction bulb temperature introduces a compIic,>tion 
unconnected with the mechanism of the reaction. The number of 
molecules colliding ’^vith the filament decreases in the ratio ^ 7 V /r)* 
where 7 'i> and 7 'k temperature of the Pirani gauge and of the 

reaction vessel respe« tively. Since the pressure in the Pirani gauge 
kept constant, the pressure in the reaction bulb will increase in the ratio 
( 7 r/ 7 V)*, for the mean free path is comparable with the diameter of tin* 
connecting tul>es. rhese effects thus cancel. The total number of mole* 
cules in the system will have decreased by a factor If l\ be 
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tlic volume of the reaction system heated by the furnace and Vf 
that of connections and Pirani the number is reduced in the ratio 

(Fi + F2) i \ ^ reaction vessel at 100® C. As Vi is 

comparable with Fo correction only amounts to 5 per cent, and is 
neglected. 

The following points, emerging from the results in Table V, are note- 
worthy. Although increases with temperature, when the filament 
temperature is kept constant the value obtained with the reaction 
vessel at i vtr can <iIso be regained by heating the filament to a higher 
temperature. Tlie phenomenon is reproducible, for in the last experiment 
at original low value of is reached. These experiments 

could be repented with a bulb carr^dng a heavy deposit or with a newly 
cleaned bulb. The red phosphorus deposited on the walls at low tem- 
peratures was not appreciably removed during a series of experiments 
involving lieating the walls to 200^ On tlie other hand, if a dean tube 
were used t(» begin with, a visible deposit w'as not obtained opposite the 
filament as happens at room temperature when a similar amount of red 
phosphoru' i'^ deposited. 


TABLE V.--K.V. I. 


Tmp. of 
I'ilament. ’ 

Initial 

Preisart* imii. 

; q mtn. 

T^rop. of 
' R.V. X, 

1 

03.5 1 

0'0ici4 


i 

; 

<^35 1 

O'OIuS 

47 

90 -0 

f ‘35 i 

0-0204 

<ro 

! 14 '^ 

035 i 

OO 2 O 0 

. C. 20-0 

: 101 

000 ; 

0 (0 59 

i-i 

18S 

: 

UOT 7 ^ 


! LV<> 

582 

0-0 I ',5 

.V7 

i *37 

5H2 1 

0-0202 

1 0-0 

{ 59*0 


! 0-0207 

, 

1 ir2 

<>35 ' 

0-0 107 

7*2 

} 1 10 

t»35 

1 00172 

' 1 0 

* 3'9 


TABLE VL---K.V. V. 


Initial 

Prt^suri' 

ram. 

mm. 

Tetnp of 
K.V. ‘'C . 



Posit ‘on of 
lop of 
I’uniacit. 

1 

00270 1 

0*4 

X4*H 

— 

00150 

*'5 


-- 

o-oo(>f> : 

*•3 

> 5*4 


o-oioS I 

-•3 j 


r 

0*0112 ‘ 

3 -b 1 

81 

1 2 

0*0124 ! 

*•5 1 

*4 5 


00135 : 

I'O ; 

: * 1-5 


0-0120 i 

2*0 ^ 

K 5 ’(> 

1 

0*0129 j 

3 '^ 

^57 i 

2 

0*0100 i 

i-f) i 

1 12 1 





To obt.un lurtiicr mlormation about the distribution of tlie deposit 
as well as the variation of with tempcratuic, a reaction tul>e similar 
to R.V, I. v.as titled \\ith a short filament near the bottom (R.V. V,), 
With this arrangement it was possible to study the distribution of tlie 
deposit a function (tf the temperature of the reaction bulb. 

The exfjcnment^ with R.V, I. have shown that the absence of deposit 
opposite tlie hlament when the reaction vessel is heated up is not due 
to the re-( \ aporation of red jihosphorus to a cooler part of the reaction 
.system, for it red phosphf»rus is <Ieposited at room temperature and the 
tube heated to a higher tenifieraturc, there is no appreciable alteration in 
the distributi(m of the deposit. Presumably the Pj nioleciiles may lie 
reflected from a hoi surface but, to explain the simultaneous increase in 
/j, the Po’.s must partly recomi)ine to form P/s, so that the gross efli- 
ciency of collisions with the filament is decreiused. The probability of 
recombinatifjn also increases with rising temperature. 

A further question arises with regard to the nature of the condensation. 
If the rate of deposition as red phosphorus is /C|[p2] i^nd that of re- 
combination both coefficients being temperature dependent in 
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opposite directions, than the ratio of the probability of depositing to 
combining is independent of [Pj] and also independent of the number of 
collisions the P2 molecule makes with the surface. If therefore a P^ 
molecule has to traverse a longer hot zone, repeatedly colliding with the 
w'alls of the tube, the value of should be unchanged. This condition 
was simply obtained by moving the furnace further along R.V.V, from 
position I to posi- 
tion 2. The re- 
sults arc given in 
Table VI, while 
the distribution of 
the deposit after 
each set of experi- 
ments is indicated 
in F’ig. 5. The 
temperature of 
thtt hhirnent was 
maintained at a 
constant value 
throughout these 
experiment^. 

The results 
with K.\\ 1. are 
confirmed by 
with RA'. \'. in so 
far as tlie increa>(‘ 
in concernetl, 
and from Fig 5 it 
\m 1I be seen that 
the red f»hospliorus is» now depo>ited above the level of the furnace while 
tin- original deposit remains m situ. ( >n rai.sing the furnace to position 
2 , howev'er, the \alue of still further incneises and now a third deposit 
is formed above tiie furnace, moans that the greater the distance 

the rnolecub's have to traverse the gre.Uer i.s the probability of their 
reeombining 

It is t onceivabh* that the P, molecules migrate along the surface of the 
glass to the c«x>l part fd the tube. To find whether this is the case, a nvea 

disc was suspc*nde<l about the 
Ini^iviK’ of K A\ V. with a rectangular 
ripening 4 * 7 mm. in order to let 
the hlament leads through. The 
edge .'>f the disc only just touched 
the walls of the reaction vessel at 
a few isi>iated places. The disc 
was placed aliove the t<^p of the 
furnace in fn^sitiou 1 so that if gas 
tliffusion took place the disc would 
intercept the P, molecules on their 
way to the cool surface. rjx>n 
examining the di.se after carrtdng 
<^>ut an exjHTimcnt it was fcmml to lx> covered with a uniform red dep<^)sit 
which obviously had not migrated from the points of contacts of the disc 
w ith the walls. The conclusion is, therefore, thai the 1 % molecules dihusc 
through the ga.s, lK*ing relloctcd at the walls 4>f the reaction tube. 

Owing to Its fKxsition tlic disc was at s<mie temperature between 15*^ 
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and Bo°. A fraction of the impinging molecules would combine ; the 
remainder would be dejK^sited. The interposition of the disc ought to 
increase not only in position i but also in position 2, since the P, molecules 
now escape through the rectangular aperature (0*28 cm.*) which is small 
compared with the cross-scctional area (3-1 cm.*) of the reaction tube, I'he 
results in Table \ II. are in accordance with expectation, the increase in 
position I and 2 being relatively much greater when the disc is interposed 
than when it is absent. 

These results are to be compared with those in Table VL The disc 
naturally docs not atTect 4 when the reaction bulb is at room temperature, 
A decision now has to Ik* made about tlie mode of recombination of P2 
molecules. If tliey combine in the gas, it is unlikely tliat a three body 
collision is necessary for tJiis purpose. The time required f<>r a P.j 
molecule to reacli the surface of R.W 1 . is lO" ^ sec. The rate at which 
Pg molecules arc produced is of the order of 10*“* nim./.se('., and so the 
stationary concentration is ur® mm. In lO"* sec. one Pg molecule 
would make lO"® collisions witii otiier Po molecult's on diffusing to the 
walls and therefore gas phase recombination may be neglected in tlU'J 
vessel. Even in R.V. \". wliere diffusion ot'curs over a maximum (ii>tance 
of 15 cm., the probability cif two Po’s colliding is abcait ecjual to tiiat o! 
reaching the cool surface. It would seem, Therefore, wlu-n the temperat are 
of the walls is raised, a decreasing fracticui of the molecaile" lorm ret! 
phosphorus, the remainder diffuse to the cool surface but in >0 denng a 
fraction recombine on the walls. At higher temperatures Pj molt'cules 
must again remain unassociated, font has been shown tliat 1^^ moleeulcs 
on passing through a hot silica jet arc dissociated to P,- .Moreovt r this 
is a necessary consecjuencc of the tlieory tliai Pjj im)lerii}<-s are in 
equilibrium with red jihosphorus and therefore condense as such on 
colliding with red pho<f)horus. 


Conclusion. 

All tlie evidence presented in the prectKliug pages points to the con- 
elusion that Pj molecules condense to red [>ho.‘ipliorus arul conversely 
red phosphuru.'^ e\'aporatt'S in units of 1*2. The vapfair pressure ano- 
malies are removed if the assumjdion be made that Pj molecules are in 
equilibrium with red phfjspliorus. 7'here is tlu icfore no more ju.stihcation 
for regarding rerl phosphorus as a polymer than in su{>posing, for example^ 
solid chlorine is a pf^lyrntr made up of Clj molecules. Tlie structure ot 
red phosphorus must .^miply be such that, energetically, Pg moKa ules 
preferentially evaporate, whereas the wliite modification would appear 
to possess aggregate.s of four phosphorus atfmis wliieh are most easily 
detached as a whole from the srdirl or licjuid surface. Unfort ur.ately 
there are no X>ray data to give any guidance on this point. 

It would therefore be more correct to term the transformation wliite 
to red phosphorus a depo]ymerisati(»n reaction. 

Summary. 

Attention is called to certain discrepancies regarding the vapour pres- 
sures of white and of red i>h<).sf)hf>rus if, as is usually .supposed, 1*4 rntdeculos 
are considerexl to be in equilibrium with bcith modifications. The dis- 
crepancy can 1)0 removed if the assumption is made that 1*, molecules 
are in true equilibrium with re<l phr»sphorus. 
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Experimental evidence is adduced in support of this hypothesis. First 
it is shown that P* molecules, on Unng dissociated to P, by passing through 
a hot silica jet, condense to red phosphorus on striking a glass suidace. 

P4 molecules may also be dissociated on a tungsten surface. The 
kinetics of this reaction have lK*eu studied in some detail with these results. 
The roactkin is unimolecular and possesses an energy of activation of 41 
kg. cal. at low filament collision efficiencies, iiy using a large bulb and a 
small filament it is shown that every P4 molecule dissociated forms red 
phf)sphorus, the probability of flejX)sition being independent of stream 
tUnsity over a 20o-fold range It is further shown that P, molecules are 
reflected from glass surfaces at tem|KTatiires greater than 15" C. and tend 
to difUi.se to a cool surface if this is possible. In the temperature range 
15 — 200 \ P, molcculc.s may be ma<le to combine on a glass surface. 

Ked phosphorus can Ih* sublimed to red phosphorus only, if sublimation 
is carried out under projx*r c()ndition> 

T}it‘se observations are discussed in relation to the theory that red 
jdiosphorus is a }H>lymer of whitt* phos])horus. It is concluded that in 
reality it would Ik‘ more ac< urate to consider red phosphorus as a dejx^Iy. 
mer. 

i lie .uithor^ wish to th.uik Prot. l:’.. K. Ridc;d and Dr. E. B. Ludlam 
lor tlu ir .i<Ivi(“(^ and cin'our.i^einetit <innng this work. ()nc (d them 
(ll. \\ . M . is indehte(i to t!u* ivoy.d ( o:umissi(ii]rr^ tor the Exhibition 
1S51 for a S«*nior Student. s)h(> 1 In- otlu r lij-inks the Tru.-tecs of the 

.Mor.^y Idind of the riii\<‘r'ity (d Edinburgh for grant. 

<>/* SViVncc, Chonisirv DepartmerJ, 

( [ uii tiwify pf ISdifiburgh, 


oV'dV/fAbLb /)/s^ 

Dr. H. Ci. W. Norrish \i jtnhuli^i said It .''ferns i»> me that the 
.luthois go too far in tlunr cont<*.ntit»n that red j)hoNphoru'> is not a p<)lymer 
in the true* seust' of the \Hord. 1 hey ''late at the end of their pajier that 
there Is '' no more ju'^titu ation f“i regarding red ])hosphorus as a t>')lym(T 
than in supjnismg, for exaniph. , ohd i liKuine is vt polyiuer ma<le up (»f 
( l^ molecules" rins suiely «.aiin»t be admitted; the lupietaction and 
solubin'iiiion td a \olatile sid)>tanre like ihlonne lakes }>lac*e through the 
opt ration van der WalN' feuxes. ,u\d vr.t's rise to a solid of low melting- 
]>oint which IS m no sense a pds niei 

d'hc cinidcusation of E, ph«)sphorus. on the t'lther hand, yiekis a 

solid of vtT\ high meltnig-pojni na 030 ' m which primary valencies 
must l>c involved ; this is essentialh a true polymerisation. The correct 
conclusion from Melville and (iray > re'^ults would seem to lx* that while P^ 
is tile '* montmuT red pho^phoms is the " i^x)lym('r " The pressure of 
ib gas existing in eninhluiuin with red phosphorus is tlien more properly 
termed a diss<Kiation pressure, rather than a vajxiur pressure. 

NVe h.ive an exactly similar phenomenon in the dijxdymensittion of 
jxdyvcvy-methylcnes. Uur own work as descrilnxi in our and also 

the results <d Sjxmce, show that between 70" and 100 C., there is a very 
large t>ressure <d monomeric formaldehyde in cHjuilibniim with the solid, 
dliis (loes not mean that the solul i.s nut a |H>lymer, but only that the 
chemical reat tiun of polymerisation is reversible for there can Ix' no doubt 
from the work of Staudinger that primary valencies are mvolvod. 

Dr. H. W. Melville {Cambt } said, in to a by riofcssor 

7 ^ averts : That hyilrogen ami acetylene are primary products of the dis- 
‘SO(datiun of ethylene lias l)ecu shown by chemical analysis of the gas (see 
references in the introduciujn to the paper} in addition to the evidence 
from pressure measurements alone. 
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In reply to Dr. Xorri^sh : While admitting that the analogy between 
chlorine and phosphorus is not perhaps tlie lx‘st that could be given, yet in 
the stricter sense red phosphorus could not be termed a polymer. As is 
evident from the present discussion, the definition of a polymer is. however, 
a very wide one. and therefore taking into consideration Dr. Norrish's 
demonstration of the reversible depolymerisation of acetaldehyde and 
formaldehyde, it would not l)e incorrect to call red phosphorus a polymer. 
But the structure based on X-ray analysis^^ does not show any evidence of 
the existence of aggregate.s of mc^re than hmr P atoms separated from each 
other by con.siderable distances, such as were previously imagined to 
occur in red phosphorus. 

Hultgren. Gingnsli and W.irrcn, J . Chem. Physics, 1935, 3, 331 . 


ON THE KINETICS OF THE POLYMERISATION 
OF 1-3 BUTADIENE IN THE PRESENCE OF 
METALLIC SODIUM. 

By a. Abkin and S. Medvkdev. 

The many-sided study of polymerisation j)rocesse«', as a p'^'idr of 
which a polymolecular substance, in some cases similar to ru[d)er, de- 
velops, offers \MSt theoretical and applied interest. Kinetic investiga- 
tions mu.st obviously play a role in this study. Apart from tlie fact 
that the settlement of the problems of the me< lianism of };oiyniens.i!ion 
processes can be arrived at only on tiie basis of kinetic research, even a 
general investigation from the point of view of formal kinetics and the 
determination of the pe( uiiariti(‘s of the phenomena of th<se singular 
processes may yield extremely interesting results. 

Some interest in tlie kinetics of polymerisation jirocesses arose 
following th(' successful development and the application <if the con- 
cept of chain reactions to it.^ Indeed many observations sensitivity 
to light, influence r»f inhibitor^, the frcajuently observed (.oniiection 
between oxidation and polymerisation, the wall effect sy)eak in favour 
of tile cliain mechanism. It is quite natural, however, that in this works 
on the initiaticfii and development of the ch. :n theory*, the sf><‘dfic 
proi'csses of the polymensalion reaction were not cleared up for a long 
time. 

In polymerisation rea» tifui', which frequently occur in the liquid 
pliase with a gradual mervase in visco.^ity, molecules take part v. hi<h 
grow in .si/e during the prou-.s reaching exceedingly large firoportioiis. 
This must apparently liave iD reflection in general and molecular kin- 
etics. 

The aim of this work is to / lear up the kinetic regularities in the 
polymerisation of 1*3 biitadnne in the presence of ni(‘tallic sodium. 

I his reaction, in comparison with others, lias the advantage that it has 
been investigated in detail by Ziegler® and his co-workers, who gave 
an extremely graphic and pLiU'^ible plan of the action of sodium and the 

^ Semenoff, Chain rcactiOfis, 1 S.S.K , 1934, 525. 

* Ziegler and t 3 ahr, ho , aur, 71, 253; Ziegler, Crossman, Cleiner, and 
Schafer, Ann., 473, j; Ziegltr ini<] (.inner. Ann, 473, ^7; Ziegler, IXrsch, 
and Wollthan, Ann.. iy34. 51 1. ij ; Ziegler. Jukob. Wollthaii and Xenz. Ann., 
1934.511,^4. 
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Appcroi^ for the study of PolymorizQtion m the gaseous ^»hase 


of the butadirru- in an atniu>|>h<To of nitrogen, can'fully freed fri>m 
oxygen. In this, butadiein* \\aM subjected to many Irat tK»nations and 
\va.s collected in ampules, from which it was transferred when m*eded to 
the apparatus for the investigation of polymensatnui. The latter con- 
sisted of a thick walled glass vessel ^Duran) joined to a mctalhc valve of 
a sp<?cial construction, which rendered the ap|x\ratus hermetically s^^aleti 
under increased j>ressure and under vacuum. I'or each ex^XTiment 
2 c c. of liquid butadiene were mtrcKluced into the vessel. All the opera- 
tions from the collection <d butadiene to the completion of polymerisaticm 
were carried out in the complete absence of oxygen. Metallic sodium 
(-15-40 mg.) in the form of wires 0*4 mm. in diameter was intr.Kluced in 
a current of pure nitrogen. Polymerisation tfxjk place in a thermostat 
( f 0*025'" cx|H'ri;nent the amount of sodium and butadiene, 

the amount of jxilymer obtained in time /, and the quantity of unchanged 
butadiene were determined. Ke|x^ted exjx*rimonts in which we used 
butadieru^ pr<*|)ared at one and the same time w«^re fully sati'^factorv, 
differing by no more than 3 jx^r cent, of the weight of the initial butadiene. 

’A detailed <loscnptian of the apparatus, methmls. am! exixrimental data 
will be published in the U.S S.K. 
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In the course of the work it was observed that the gaseous butadiene 
also p>olymerises in the presence of metallic sodium, I'or the study of 
this extremely singular reaction a special apparatus was constructed, 
shown in Fig. i. The set-up for the gaseous polymerisation was so con- 
structed that the process of polymerisation could ho observed either 
volumetricaJly (under constant pressure) or manometrically (under con- 
stant volume). The first method has the advantage that the constant is 
obtained by direct measurements and therefore, for comparative measure- 
ments, it is more convenient than the manometric method. 

The reaction xessel in this case was of the form of a Dewar vessel, 
upon the inner surface of which (on ccKding with solid CO,) a layer oi 
metallic st>diiim of the desired thickness was dejx)sited by sublimation 
from the ampules, which were then unsoUlered. In order to duplicate 
results it is necessary that the entire system Ive completely washed with 
pure nitri>gen and, so far as possible, completeK- evacuate<l. It was also 
necessary completely to remove mercury vajxjur and inactivated sodium 
hy means of tubes containing gilded asbestos soldered between the reaction 
\essel and the whole apparatus containing mercury. 

The reaction vessel is connected with a system «>f manometers, burettes, 
pressure regulators, and other devices eiiMiring complete and n<*cessary' 
accLiraev' of measurement. Butadieiu^ was introduted into the system 
from an ampule o{>ened electromagnetically. A burette containing oxvgen 
was also included in the system for the study of the eltec t of oxygen on 
the polymerisation or, in s{H!Cial cases, for its complete poisoning. 

Repetition of results on the .same layer was (|uite satisfactory. On 
different layers it was not possihh' to obtain fully concordant r<‘sults, Inch 
is quite understandable, since the rate of polvuiUTisiition riejx'nds to a 
great extent upon the disjxTsion and thickness of the sodium layer, tht' 
s!z<* of its surface, and the volume ot the xessel, and on oih<‘r factors the 
conservation of the constancy of which in ddterent (‘xpenments is extremelv 
difficult. For this reason all comparative measurements wen* made on 
( lie and the same layer of sodium. 

General Description of the Rate of the Process, 

In the case of technical butadiene {70 per cent, butadiene, io \5 
cent, pseudo-ljiitylene, and some o-oi per cent, aldehyde) as wius exiH‘Cted, 

the cx]x*nrneuts gave p< K)r tv- 
.suits. Th(‘ induction jienod 
varied Iwtsveen 20 and lOo 
hours. I'lie stages of notice- 
able j>olymerisation varied 
in tiiherent exjx'riments in 
the same way. The al>sence 
of reprcxiucibility was Ciin- 
nected not so much with the 
presence of a large amount 
of pseudobutylene, which 
has very little noticeable 
effect, as with the presence 
of a small sometimes analvti- 
cally undeterminable quan- 
tity fif other substances, 
esptjcially aldehyde. 

Identical re.sults were ob- 
tained only when carefully 
purified butadiene was u.sed 
/yerre S when the experiments 

were performed in the ab- 
of oxygen and light. No induction fieriod a.s such was observed 
in thi.s case. 'I he process from the start occurred wdth increasing rapidity 
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and on the expiry of several periods became stationary. The form of 
the curve {see P'ig. 2), p)er cent. p<^lymerisation /, resembles the analogous 
curve for “ branched chain reactions degenerated explosions This 
resemblance is, however, only external. Actually in cases of energetic or 
material chains the carriers of which are comparatively unstable compounds 
of the type of free radicals, hallowing the interruption of the process (t.e., 
rapid cooling) and its subsequent renewal, results should have been obtained 
which do not lit into the frame of kinetic continuity. On cooling the 
reaction system with liquid air the results were fully identical with those 
received for the same period without interruption. The same is observed, 
but still more clearly, in the process of polymerisation in the gaseous phase 
and is a vmcing proof of the absence of chains in the given reaction. 

In connection with Ziegler's » extremely plausible assumption that 
the polvmerisation of diene hydrocarbons in the presence of the alkali 
metals procetjds through metal-diene conjugate links, and in connection 
with the assumptions of se\'eral investigators as to the homogeneity of the 
process studied,* 

we carried out ^ ^ 

experiments in ^ 

the vesscrLs shown 
in Fig. 3. 

In vessel i 
the reaction first 
tcK,>k place in 
l>end a. After 
the degree of 
pol ymerisation 
reache/^l a definite 
stage, the liquid 
was poured into 
6 by inclining the 
apparatus. An 
extremely inter- 
esting phenome- 
non was then 
noted : polymer- 
isation still takes 
place in a, and 
after some time 
the liquid in 6 
completely disap- 
pears. The rate 
of this gaseous 

polymerisation corresponds to the rate of the polymerisation in the liquid 
phase, i,e. under identical pressures the rates of the liquid and gaseous 
phase ptilymerisalion are the same. 

These experiments, however, do not exclude the po.ssibility of a homo- 
geneous process, since its rate, which is determined by the concentration 
of the sodium-butadiene compounds, must be small in comparison with 
that of the process occurring m the presence of sodium where, consequently, 
the development of new sodium-butadiene molecules continually occurs. 

The absence of a homogeneous pnxress, however, is readily shown by 
the experiments in vessels 2 and 3. The second vessel is bent in such a 
manner that, after jx^uring the liquid from a into 6, it is possible to pour 
merrurv’ contained in f into a, thus covering the sodium poKuner with 
mercury and removing the possibility of gaseous poKmeriStation. The 
experiments in vesMd 3 differed from those in vessti 2 only in the fact that, 
after the pouring, the liend a with the sodium and the jx^lymer wiis 



Fig. 3. 


* Zeimanov and Shalnikov, /. Pkvsic, (U.S.S.R.), 353 


10 
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unsoldered, and thus the possibility of poisoning tlie homogeneous process 
with mercury vajK^ur w^as stopped. 7 'he experiments in vessels 2 and 3 
showed that the poured liquid, even after standing for many months, did 
not polymerise. We thus ascertained the heterogeneous character of 
the polymerisation of butadiene in the presence of sodium. 

During the investigations of the liquid phase polymerisation, w'e 
discovered the poisonous effect of oxygen, which is easily explained l>\' 
the destruction of the sodium-butadiene compounds by oxygen. This 

phenomenon is, apparently, 
extremely typical for the poly- 
merisation of <liene hydro- 
carbons under the intiueiice 
of the alkali meUils. In (jther 
cas(‘s, esjxrially where as a 
basis of poly merisiit ion there is 
a clearly dehned chain mechan- 
ism as, for example, dunng the 
autop^*iymerisation of chloro- 
prene, oxygen is a positive 
factor in the rate of the process. 
It has already ]>een noted 
above that, under identical 
pressures, kinetic ])olymeri.sa' 
tion is absolutely identical lor 
both the li(|uid and gaseous 
phases. 

I'he same fKX'uharities an* 
therefore observ(*d in the gase- 
ous phasx* ]V)Iyniensation. but 
in a more pronounced form, 
b'urthermore, the re.nults ob- 
tained during the study the 
gaseous phase {xdymensatiun 
make it possible to give a 
more dtdailed description of 
the kinetic process. 

Just as in the case poly- 
merisation in the liquid phase, 
an intenuption of the gaseous 
phase* reaction (in this case it 
IS n. >re convenient not to cool 
but to pump butadiene out of 
the reaction vessel) dfies not 
disturb the normal course of 
the process. 

Fig. 4 shouts 
a typical tx>ly- 
m e r i sa 1 1 on 
curve on a 
thin layer of 
sodium under 
marked points 
system, It is 



^ounr 


4 Polrmtnzoffon m fhe gaseous p4ose 


constant pressure [p 742 mm.{. and at 30'^ C. At the 
butadiene was pumped out and then re-introduced into the 
noteworthy that after evacuation the previous rate is resumed only after 
some time since, after the introduction of butadiene into the exacuatKl 
vessel, there is always an increase in the rate due to the .solutif>n of the 
monomer in the polymer (in Fig. 4 this time i.s excluded). We see here also 


® This W'as noted by Williams and Walker, Ind. and Bng. Ckem . 0133, J5, loy. 
(The effect of oxygen on the ix>lymcrisation of chloroprene is Uung studied in 
detail in our laboratory.) 
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the entire initial non-stationary period, consisting in a gradual develop- 
ment of the primary sodium-butadiene compounds, while all the sodium 
in the layer has not completely reacted. 

big 5 records one of the ex]X‘riments illustrating the effect of oxygen. 

( iirve I shows the rate of reaction prior to, and curve 2 after the addition 
of oxygen. 'J’hese exjierimonts were performed with a thick layer of 
the jxilymer and tliendore the 
superimposed eflects of soluti<in 
are extremely largt*. T'p^m a 
considerable jXTiod of contact 
between the oxygen and the 
sodium-butadiene polymer, poly- 
merisation ceases entireB . An 
actual dilfereiicc' is noted 1 k*- 
tw(*en |>olymeris;ition u[X)n a 
thick arul a thin layer of so<ltum. 

'rh<‘ difi(*renc(‘ consists in the 
fact that with a thick layer <*f 
catalyst in the svstem. there is 
aluavs present metallic so<1ium 
to \\lu< h th<' butadiene dithises, 
ii<‘veIoping new s<Miium-lnita- 
diene centres I'his factor in- 
crease.s tht' rate Af/m/Tts 

On the other hand the in Ftgurr ^ 

(Tease (»f thickness tlie layer 

t)f the jxdvnuT servf's as a gradually growing obstacle to the passage of 
butadiene to the sodium Moreoyer. with thick lavTrs, upon a rapid 
[uimjung out of the system the jxdymer jxxds ott and a n(*w surface of 
MHiuiin IS t(>rnusl causing an increase in the rate As a result of this, less 
clear-cut Tcsulis are obtained Systematic exjH'nments with polymerisa- 
tion in tile ga.s(.*ous phas<* were, therefon*, earned out u\xm thin layt*rs of 
.sodium In thest* cas(*s, after ’'(‘yend fHTiods of increase in rate, a com- 
}»let<dy stationary n^aclion b(‘gins 

The Mechanism and Kinetics of Polymerisation. 

Ziegler's data and our results point to the hdlowing general plan 
of tlie mechanism of the p(»l\ luerisation of butadiene in tlie presence of 
sodium. Butadiene reaot.s with st»dium developing pnmarv’ bi*soduim 
(ornpounds (react i<ui A). The reaction of polymerisation consists in 
tht‘ successive additions of butadiene molecules to these compound.^ 
(reaction B), 

IKr^ClU HO CHj- Na 

I r 2N.‘ — 11 . . (A) 

HC=CH* HC-CH,- N.» 

U('- -CH.- Na 

II + 2(H,r=rCU-HC=:CHj^ -> 

IK rU, - Na 

HC --aV-(il,--HC=CH--CH,N,i . . (B) 

II 

IK CH,- rH,-HC=CU— CH,Na. 

If the butadiene reacts with the .sodium-organ’o compounds at its 
I and 4 carbon atoms, then the process of polymerisation cait be conceived 
a successive inclusion of butadiene molecules between the carbon 
and the sodium of the sodium -organic compound. Thus, sodium keeps 
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on shifting to the peripheral regions and is concentrated on the surface 
of the polymer where it reacts with the primarily adsorbed butadiene, 
a fact that might have explained the heterogeneous character of poly- 
merisation. This general scheme, except for the surface nature of the 
process, as will be shown later, is proved by the kinetics of the process. 
The formal resemblance to, and the difference from chain kinetics, con- 
sists in that in this case the “ active centres *’ are themselves products of 
the reaction : sodium-butadiene compounds, always capable of reacting 
with new molecules of butadiene. As Ziegler proposes and our experi- 
ments confirm, the rate of formation of the primary sodium-butadiene 
compounds is significantly less rapid than the rate of the subsequent 
additions of butadiene to the sodium-organic compounds. Thus the 



appearance in a unit of time of a small number of primary centres aids 
the reaction of a large number of butadiene molecules. While, there- 
fore, metallic sodium is present in the system, a non-stationary period 
is observed analogous to the phenomenon of degenerated explosions,’' 
where the branching of the chains is accomplished as a result of a slowly 
occurring parallel or successive reaction. In this case such a parallel 
reaction, leading to the development of a new ** active centre,” is the 
reaction between butadiene and metallic sodium. The question as to 
w^hether or not the reaction takes place on the surface of, or within, the 
polymer was decided by a study of the kinetics of the reaction. 

Experiments with the thick coating of sodium have already shown 
that, in the case of a thin layer of the polymer, diffusion of butadiene 
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to sodium occurs, resulting in an additional rate which is very large 
in comparison with the initial rate. It was further ascertained that the 
rate of the process depends very closely upon the square of the pressure. 
In Fig. 6 (where a pressure-time curve is recorded, calculated according 
to the bimolecular law, with the constant equal to 1*05 X (mm. 
Hg, min.) it is seen that the experimental points coincide very' closely 
with the calculated curve. These facts do not well accord with the 
conception of the surface nature of the process. 

The strict treatment of the reaction occurring within the polymer 
cannot at present be worked out, owing to the ab.sence of necessary data 
(coefficient of diffusion, internal friction, etc.). 

However, some of our data allows a general interpretation of the 
process of polymerisation as a reaction occurring vrithin the polymer. 
A study of the phenomena of solution in the layer of the polymer, in 
which the sodium-organic compounds were previously broken by the 
action of oxygen, showed that the initial rate of solution is more than 
twice the rate of reaction. In this case it is possible that the con- 
centnilion of l)utadiene in the polymer is determined by a condition of 
equilibrium : 

r 

Constant . . • \,0 

iwlynier 

and during the ])roccss keep.^ at a constant, or nearly constant, level, 
'rite coneeutration and di^-trihution of sodium within the polymer is 
another kitietic factor. We can infer from the constancy of the rate 
only that there is a constant number of sodium atoms. It is quite poss- 
ible, however, that the luittidiene molecules combined with the sodium- 
ftrganie comf»ounds both by their i and 4 , as well iis by their I and 2 
carbon atoms. The absence of thread-like crystals in drawn-out buta- 
diene rubber al^(^ .speaks in favour of an interlaced net structure. The 
conception of a more or less equal <listribution of sodium atoms within 
the polymer must, therefore, be considered as extremely likely, and, as 
an average value for its concentration, that obtained from analysis 
can be adopted. If we take into consideration that the coefficient of 
di.stribution 



tlien the dependence on the rate of polymerisation which w'e 
by a manometer is determined 
by the equation : 

d/) K 


measure 


dt 


TTnr 




(^) 


TABLE 1. — The Distribution of Buta- 
diene BET^'EEN THE GaSKOUS I’HASE 
AND Polymer, t - 30® C. 


We must not lose sight of the 
fact lliat the constant concen- 
tration of sodium also enters 
into the rate coefficient. For 
a correspondence of equation ( 2 ) 
with the bimolecular law upon 
which tlie reaction depends, it 
is necessary that n — As 
is seen from Table I., where our 
experimental results are re- 
corded, this requirement is fulfilled extremely satisfactorily. 


Pmm. 

Amount in r r. oI , 
Ab»ort>ed Buta- ! 


dtene m i c.c. of ! 
the 

V' CpolrnifT 

636 

X 7 - 9 -r 

3S> 

375 

6 - 8 o 
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The determination of the energy of activation (for the calculation 
of which, however, it is necessary to consider the temperature depend- 
ence of the coefficient of distribution) is of great inteiest. If the observed 
rate of the disappearance of butadiene as a result of the reaction is 




Aa. 


where a is the concentration or its proportional quantity (c.c. of buta- 
diene in I c.c. of the polymer), then the dependence of the true rate 
of reaction on the temperature can be represented by a change of this 
relation : 

K - IV la. 

In Table II. are recorded the experimental results of these determina- 
tions, made under constant pressure {p -- 355 nini.). E is the energy 

of activation deter- 
mined from the cal- 
culation of the dis- 
tribution. 

Neglecting the 
fact that, in the 
ol>*%erved rates (a* 
at 40^ and 50" C.), 
the ddlerence is ex- 
tremely small and 
close to experi- 
mental error, the 
calculation of the 
value of the cnerg\' 

of activation leads to a surprising coincidence. The value obtained U\r 
the energ>' of activation is considerably lower th.uj that for a n<<rmal 
molecular reaction. It lies between those limits within which are found 
a value for the energy of activation between radicals. To conclude from 
this, however, that a reaction also occurs here with free radicals, is, of 
course, not permitted ; but it points indirectly to the possibility of some 
preliminary^ activating processe.s which the “butadiene undergoes upon 
solution in the polymer. The more so, that the idea of the relaticmship 




TABLE II. 


tX. 

: w 

(c.c, IS min.)- 

\ ^ 

(c.c. <tf Buta- 
diene in t c.c. 

, of Pol>'nier.j 

K u- a. 

30 

Zb 

: I I 2 

0-2317 

40 

3*2 

! i 

1 0*3441 

50 

3-4 

i 6'Q I 

i 1 

1 04021 




74(»o 


7 0^5 




5". 


Canstarjt 


C polymer 

consists in that butadiene in the polymer behaves osmotically xs a 
dimer. If polymerisation occur?5 within the {)olymer, then for a char- 
acteristic rate of the process it is necessary to determine the rate con- 
stant of this reaction rate is expressed by t!ie etpiation 

aVBu)(Nu) . . . . (3) 


where (Bu) and (Na) are the conciuUrations of butadiene and sodium 
within the polymer. 

For tlie calculation of wc can use the data recorded in Fig. 6* 
ihe rate constant in this case equals i'05 x 10 mm. /min., the volume 
of the sy.stem -- 328 c.c., and the volume of the polymer - 1*14 c.c. 

eglecUng the amount of polymer during the experiment and conjie- 
quently considering the concentration of sodium as constantly equal 
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to 5 X lO”"® mole/litre (from an analysis at the end of the experiment), 
we get 

A'2 ™ 2*5 < iO “2 mole/litre. 

On the basis of the value found for the energy of activation, i.e. 7300 cal., 
we find 

7300 

A'2 ^ - 47 X 10^ X . 

For the pre-exponential nu‘nil)er we get an extremely small value, de- 
pending on the specificity of the media in which the reaction occurs. 

Summary. 

(1) 1 he jK)lynu;risation of butadiene under the influence of metallic 
svoilium \\as studied in the liquid and gaseous phases. The rate of the 
process was examined in the case of carefully purified butadiene in the 
absence <»f oxygen, 

(2) It IS shown that jxdvnierisation in the liquid phase occurs hetero- 
geiu*oiisiv The rates of the gaseous and liquid phase processes are the 
same if p»olymerisation is in lH>th cases jHTformed under identical pressures. 

(3^ Indcqxnidont of whether the polymerisation is performed in the 
gaseous or liquid ph^lse'^ a period i^ always noted at the beginning w'hcre 
the rate increa.ses to a definite value, after reaching which it becomes 
constant rhis n<in-stationary perunl is connected with the development 
of primary scKlium-butadiene compounds, and lasts .so long as metalbc 
sc^diuni remains in the sysb rn. The rate of this primary reaction bears 
only a small relation to ihv rate of the subsequent combinations of the 
butadiene with the sodium organic com|>ounds, later developing the final 
molecule of the polynur in con.sequenct', an external resemblance to 
chain kinetics is obse rved in the kinetics of the polymerisation of butadiene. 

m 'I he strong inhibiting (poisonous- ettect of oxygen on the process 
<*f the |tolvinen.sati< >n of butadiene umler the influence of metallic sodium, 
Is sliown, which fully agrees with the conception of the r 61 e of the sodium- 
hutaihene corn|K>und in the process studied. 

(31 The primary conception of the jxdyinerisation as a surface 
proco^ (Ufcs rud conespond to ex|>erimental results, An assumption 
made that the ])roct«s^ nf ptdy mentation consists in the successive addi- 
tion of butadiene im»lci ulm in smlium -organic comp>ouiKls. occurring 
within the ji^dvnier itself It is further shown that this assumption 
fully agrtes with t‘\]>i‘nuu ntal results obtained in the study of the process. 

(oi I he I ate constant of the pr^nress taking place within the jxilymer 
IS detenninevi as wvW as its energy of activation, together wnth its pre- 
exponcntial nieinUT 

KiVjw Ifi.stiiuU' of Physical Chemistry, 

Laboratofttim of Or ^anu Catalysis, 

Mo SCO a'. 


GESERAL D 1 SCUSSI 0 S\ 

Dr. E. Ber^mann (Rr hifboth) said : Whilst during this discussion the 
.suggestion has lieen stressed several times that polymerisation is a chain 
reaction, the mechanism pro|K>sed by the Russian authors for the dimethyl- 
butadiene jxilyrnerisiition w ith metallic sodium leads to a stepwise reaction, 
ami not to a chain. Since it is rather doubtful whether a step-reaction 
will account for the characteristics of a polymerisation, the following 
mechanism is projH>s<d One molecule of the diene adds one atom of 
sodium ; 

i j 
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and gives under displacement of the double lx>nds a free radical. Since 
the latter can combine with a new diene molecule by way of a transfer 
of the free valency 

Na.CH3--C=-C--CH., . . . 4 

CH, <^'H, d'H, CH, 

^ Na . CH,— .-=C CH, C'H, C = C , . , (.11, 

I i i J 

CH, CH, CH, CH;, 


and so on, the above radical can be a carrier of a chain. The sodium- 
reaction, therefore, is a real chain reaction. The suggestion made is so 
much the more probable, as in the laboratory of lYofessor Schlenk several 
cases have been observed where the addition of sodium metal to ethylene 
compounds results in the first step in the formation of a radical, 


C.H 






C CHj 4- Na -*► 




C.H,/ I 


C- CH. 


which may stabilise by dimerisation or any other reaction. 

7 ^/t€ author's reply appears at the end o f this number. 


THE MOLECULAR WEIGHT OF POLYSTYRENES 
AND THE SHAPE OF THE MOLECULES IN 
SOLUTIONS, 


By R. Signer, Beni, 

Received yth Angus f 1935. 

We shall give a summary* of experiments on the double refract iiL»n 
of flow of polystyrene solutions and on their behaviour in Svedberg'^ 
ultracentrifuge. ^ Both phenomena — the mechanically induced ani.so- 
tropy of colloidal solutions, and their sedimentation in a strong centri- 
fugal held — are dependent upon the .sixe and shape of the colloidal 
particles. Our experiments are therefore likely to bring fresh material 
to the as yet unexhausted discussion of the .structure of colloidal 
solutions.^ 

Direct Determination of Molecular Weight by the 
Ultracentrifuge, 

Like all colloidal dispersions, the solution^ of polystyrenes >l!ow the 
phenomenon of a sedimentation equilibrium m <1 < entrifugal held. The 

* Detailed publications as to thf double-refrai. tjon of flow of the f>«j}ystvr< neji* 
will be hnind in the Z. physth. < hi wic. A, IflO, 257 . and nj ^ 165, lor. 

The uitracentnfugation of poK.>tVT<'ne*i has Ix-en fully desentx-d in Uel\ < /nm. 
Acta, T934, 17, 59, 335 and 720. The inea**urements have b<H*n c^iirried uul .it 
the university iaboratone.s of pliysuai cherncstry at L’psala, Sweden. 

*lbe actual .state of the oroblein of the size and form of fxilyst v k nc niule- 
cuJes IS as follows : H. Staudinger uses visci>sity daita obtained with ddut^* 
tton.s to determine tlic length of the molecules and cb^fends the assumption that 
they are straight rods ; cj. his book Die hochmoUkularen orgam&chen Verbinduni^tn, 
Berlin, 1932. The exactness of the viscosity method of determining molccuiar 
weights is douhtc-d by other investigators. They imagine the most probable 
molecular form to be that of threail balls or clusters see e.jn., VV, Kuhn, Kollotd 
Z,, 1934, 68, 2; further. H. Guth and H. Mark, Monaiihe^U fur Chrmie, 1935, 65, 
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distribution of the dissolved material in the equilibrium state permits 
the determination of the osmotic effects of the dissolved particles, 
Vant Hoff’s relation between osmotic pressure and molecular weight 
leads to the calculation of an “ aj)parent ” molecular w'eight. General 
experience shows that, wiili solutions of long thread molecules the 
“ apparent ” and true chemical molecular weights are identical only 
in dilute solutions. At higher concentrations the apparent molecular 
weights turn out to be much smaller than the true ones.*"* With in- 
(Teasing size of the molccul(*s, the region of concentrations in which the 
de termination of tlie molecular weiglits from osmotic pressure remains 
admissible becomes smaller and ^mailer. ^ 

The ultra-centrifuge pennit.s the determination of the osmotic effects 
at very small concentrations. .Solutions, whose osmotic pressure does 
not exceed 0*01 mm. of mercur\', already show a correct equilibrium- 
distribution in the centrifugal field, undisturbed by any secondary 
effects The ultracentrifuge c.in therefore be used for investigations 
of much rnort^ highly diluted solutions than the ordinary' osmometer. 
The moIe< ular weights of ver>^ high moletular polystyrenes can be deter- 
mined directly, without recourse to an unsafe extrapolation of the 
osmoti<- pressure tow.mls mtinite dilution. 

I able 1- contains the results of the ultra-centrifugal determination 
of m(»lei;ular weights ihnc polystyrene-fractions. The first column 
characterises the 
single fta(tions by 
the visfcisititcs of 
th(‘ir 0*1 per tent. 
st»luti(‘n^ in chloro- 
torm ; tlu* second 
column show’s the 
apparent molecular 
weights at different 
initial coruentra' 
tit,*ns r (in per 

litre). The true 
chemical molecular 
weights, given m 
the third column, 
are t orrect ® to ±- 10 
per cent, 

The molecular 
weights of the three 
polystvTenc fractions are to the first approximation, proportional to 
their specific vi.scositic'^. Tlie nu\tsurements thus confirm, for high- 
polymers, a law formulated by Staudingcr for low molecular substances. 
Hydrodynamics requires that the specific viscosity of a solution of rod- 
shaped molecules should increase roughly with the square of the molec- 
ular weight.^ If the values of the molecular weights^ given in Table 1., 

* From the more reccot experiments we quote those by K. H, Meyer 
and R. Ldihdemann. Helv. Chimtea Acta. 1935. iS, 307. 

* Sec ilelv. Chim. Acta, 1935^ 7^*- 

* The iHissible error is so wide because of the |x>lv-dist)ersity of the fractions 

and the necessity of u-sing an approximation method for the calculation of the 
mean molecular weights . see HWf. Ch$m. Acta. 1934- 335- 

* See W. Kuhn, Kolhid Z,. 1934- ^ 

10 • 


T.'XBLl! I. Visco.siTiEs .\Ni) Ultracentrifugal Mole- 
< i LAK Weights Polystyrene Fractions. 
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obtained by the ultra -centrifuge, are to be trusted, then either the 
molecules of the polystyrenes are far from being straight rods, or the 
laws of hydrodynamics are no more valid in the case of very thin 
threads. In the next sections we shall describe experiments which prove 
the unsatisfactory character of the usual hydrodynamic treatment, and 
make it probable that the polystyrene molecules in fact are more or 
less linear. 


The Velocity of Sedimentation. 

With centrifugal fields of the order of about times the gravitation 
constant, the velocity of sedimentation of polystyrene solutions can be 
studied over a wide interval of concentrations. A safe extrapolation 
gives the sedimentation velocity for an infinitely small concentration, 
for a state in which the molecules move freely in the solvent. These 
extrapolated values will be discussed first. 

In column 2 of Table IL we find the values in question for the three 

polystyrene fractions 
discussed in the pre- 
vious paragraph, dis- 
solved in chloroform. 
It is possible to cal- 
rulale hydrodynarni- 
cally the velocity of 
sedimentation from 
the known molecular 
weight and density of 
poly^t\Tcm!s, if definite 
assumptions are made 
as to the form of the 
molecules and their 
solvation state. 

For spherical mole- 
cules without solva- 
tion-clusters tlie values 
given in column 3 are 
obtained. The experi- 
mental values are 
about half those calcu- 
lated in this way, as 
seen by a companson 
between the columns 
2 and 3. Imjigine now 
the polystyrene thread 
molecules to form spherical balls occupying a volume about ten times that 
of the polystyrene-thread itsclt, nine-tenths of the total volume being 
occupied by the solvent. li we suppose that all these molecules of the 
solvent are bound to tlic polystyrene threads by solvation forces and move 
with them in the liquid, we ol)tain the sedimentation velocities given in 
the fourth column, which agree well with the experimental valuer. The 
last column contains sedimentation velocities calculated for straight ellip- 
soidal particles of the length of the polystyrene molecules. In calculating 
these values we have taken into account the variation of the velocity 
with the relative orientation of the axis of the molecule, and the direction 


TABLE II. — Sedimentation Velocities • of 
Polystyrenes. 


SediiucntaUoQ Velocity s x lo^*. 


j ; Hydrodjnnajmcal Calculatiom. 

Mean ; I 


Molecular 

W’eight. 

I 

; Expen- 
1 mental Ohs. 

t 

Compact 
' Spherioj^l 

1 MoltYulcs. 

j Spherical 
Clues, Total 
\’olume 

10 limrs 
that ol the 
Molecule. 

EliipsoKis, 

' Length 
t Equal to 
that of the 

‘ ( hams. 

1 

1 

30,000 1 

3-8 

7-2 

3-« i 

about 1 

80,000 

b'5 

i 37 


af>out I 

300,000 

1 i6‘5 

320 

1 

16-5 

1 

about 1 


• 5 is the sedimentation velocity in unit field cal- 
culated from the formula 

d V I 

d;r ^ 

^ denoting the velocity obsened in the centrifugal 

field oj^x ; <0 is the angular velocity of the rotor, x the 
distance of the molecule from the axis. 
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ot the field. Since the ellipsoids are continually changing their orienta- 
tion by a kind of Brownian agitation, we have used an approximate 
mean value between the highest and the lowest possible velocity. The 
result can be expected to hold also for slightly curved molecules. 
Column 5 shows that the sedimentation of straight non-solvatcd mole- 
cules would be much slower than that found experimentally. Solvated 
molecules of the same kind, carrying molecules of the solvent with tiiem, 
would have a still lower sedimentation velocity. The sedimentation 
velocity of diluted polystyrene solutions thus supports the theory’ that 
their molecules are curved thre ad- forming some kind of compact cluster. 

The results become different when more or less concentrated solutions 
of polystyrenes are considered. Fig. i gives a summary of experimental 
re.sults, obtained with a polystynme fraction (mean molecular weight 

9 



Fio, i - -Vfiocity of sedimrniiUtnti of a hich ffwiecuJar nfid of a protein 

with sphefical parHoUs, as a funoiwn of the t onoirniraiion. Polystyrene dissolved 
in chloroform, molecular weight al)out i,ioo,oou. lYotem (haernocyanin fr >ni 
Hthx Pomaiia) dissolved JU water. Molecular wxdght al>out 0, 000, 000. Con- 
centrations in grams per litre. 

about l.uyo^ocxj) ; il represents the sedimentation-velocity iis a fuiution 
of concentration. For puq)oses of comparison, a curve showing the 
behaviour ot spherical particles is included into the picture. Tlie 
uppHY <’ur\’c relates to an a^jueous solution of haimocyanine obtained 
from Helix Pamatui,'^ This prtdcin has a molecular weight of 
6 ,(wx>,Ckx> and a moiecular radius of 1 25 A, If the polystyrene 
clusters occupied ten times the volume of the polystyrene molecules, 
tludr radiu.s would be something of the order of ICk) A. This spheri- 
cal body would bo comparable in size and shape to the protein 
molecule, and a solution containing such clusters as dissolved par- 
ticles may be expHTted to show no dependence of liie sedimentation 
velocity on concentration, in analogy with the behaviour of the protein 
solution. The experiments reveal, on the contrary, a great difference 

’ Ser llie Svc<lbcrg and K. Chimoaga, /. Amer, Chem, 5 oc., 192S, 50, 1399. 
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between the behaviour of polystyrene solutions and that of proteins. 
I see no other possibility of explanation, than the assumption that the 
particles of dissolved polystyrene have a shape very different from that 
of a sphere. It seems advisable to admit at least as a working hypothesis, 
that the clusters of polystyrene threads are somewhat completely 
disentangled in solution. 

The usual hydrodvmamical treatment of the sedimentation of threads 
of this kind, at the concentrations to which Fig. i refers, leads also, 
of course, to an independence of the velocity on concentration. We 
may thus conclude that the usual hydrodynamical theory of viscosity 
does not explain the actual changes of the sedimentation velocity with 
concentration, and must therefore be considered as insufficient. To 
explain the interaction between the individual polystyrene molecules 
in solution, revealed by the ultracentrifuge, we must first develop a 
molecular kinetic theor\’ of solutions of this kind. First, after an 
adequate interpretation of the sedimentation process we may hope 
successfully to describe the much more conifilicated phenomena of 
viscosity. 

If the theory of more or less linear polystyrene threads is correct, 
then tlie polystyrene molecules must show, at low com'entrations, a 
strong gliding against the surrounding solvent. This i^ tiie only way 
of explaining the high experimental values of the sedimentation velocity, 
as compared with those calculated theoretically for straiglit particle> 
(see columns 5 and 2 in Tabic II.). A gliding appears not improbable, 
if one thinks of the small cross-sections of the threads and a certain 
kinetical independence of their individual sections. 

On the whole, we can deduce from the sedimentation phenomena 
of the polystyrenes in solution, that the movement of the dissolved 
particles relative to the solvent is governed by laws more complicated 
than those so far used in the theoretical discu.s.sions of tlie visf o.sity 
problem. It may be suggested that the specific dependence of the sedi- 
mentation velocity on concentration is a direct proof of the long rod- 
sliaped form of the molecules. If this were true, and the threads were 
not bound up into a cluster, their gliding capacity could be con.-»idere<i 
as proved. 

We are now in a position to speak of the sedimentation of mixtures 
of two polystyrene fractions, because the piienomena observed in thi.s 
case are also bound up with the thread-like structure of the molecules. 
Out of a mixtJirc of spherical particles with different radii the individual 
particles will sediment with their own characteristic velocities, in con- 
formity with Stokes’ I.iw : even at ridatively high concentrations where 
will be no interaction. On this b;isic assumption is founded, for instance, 
the molecular weiglu analysis of protein mixtures containing compon- 
ents of different size.** PoIy.styrcne fractions of very different mean 
molecular weights, mixed in a solution, give a sedimentation curve with 
discrete steps only at very low concentrations. As soon a.s the dilution 
becomes somewhat smaller (but still high enough to enable .sjiherical 
particles to move with complete treedom), the sedimentation diagram 
of a mixture of two polystyrene fractions shows only one concentration 
step ; the lighter and the heavier particles move with the same mean 
velocity.® This effect hardly can be explained othen^dsc than by a 

» See The Svedlxrg, JUr ,, 1935, 117. 

» Details can be found in J/e/v. Chun. Ac4a, 1934. 17, 72b. 
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mechanical entanglement of the molecules. No such entanglement 
would ever occur, if the single molecular threads formed compact balls ; 
we must suppose them, on the contrary, to he more or less straight 
threads. 

Double Uefraction of Flow. 

In order to obtain more detail as to the form of polystyrene molecules 
in solution wc made a thorough investigation of the double refraction 
of the flowing solutions. The following conditions were varied : the 
gradient of flow, concentration, molecular weight of the polystyrene 
and the nature of the solvent. In this case again, analogous to those 
of viscosimetry and of ultracentrifugation, the dilutest solutions yield 
the clearest result. We therefore developed the usual apparatus of 
Couette in order to permit readings to be taken at very low concentrations. 

Ortain now theories form the basis of the discussion of the phenomena. 
The theor\^ of }\ Boeder is the first ; this author considered the 
orientation of long stiff lincMr anisotropi<' particles in a flowing liquid. 
The degree of orientation i.s determined by the gradient of flow and a 
diffusion-constant. 'Fhe latter is due to E^rownian movt'ment. The 
orientation of the partic Ics det rmines the extinction-angle of the flowing 
system. 'Ehe degree of orientation, the inherent anisotropy of the 
particles and their concentration :n the solution are factors which govern 
the intensity of the double refraction. W. Kuhn tried to calculate the 
degree of orientation from tiu* dimensions of the particles and the 
viscosity of llie sol\'(‘nt,“ Tlu' deductions arc based on hydrodynamic 
formula? and doubts ans(« to the possibility of using these for poh- 
styrenes. W. Haller investigated the orientation, not only of rod-shaped 
nioltMailes, but also (d spherical particles, first elongated and then orient- 
ated by th(‘ tlowd^ Tfie double refrac tion in this latter case depends 
not only on the gradient of ilow and the Browmian movement, but also 
on a number of cou'^tant'' i haracterising the elastic and optical pro- 
perties of the [lartieles In the following the most important experi- 
mental n’suhs will be described, and compared with the predictions of 
the orientation theorv’. Conformity with these predictions can be in- 
terjireted as a confirmation of the premises of the theor\*, i.e., of the 
linear form of the molecules. A comparison of the experimental result > 
with the th<‘or>’ of elongated spiuTical particles is somewhat imceriain, 
owing to tile gre it number of constants involved. We must bear in mind 
That umier suitable circumstances the elongation effects may be not very 
differtmt from tiie orientation e(Tect>, and the experiment may therefore 
he incapable of discriminating between them. 

A. The Sign of the Double Refraction of Flow. 

The double refra< rion <»f all polystyrene solutions in the usual solvents 

benzene, toluene, tctraline, ethylene-bromide, bromobenzene, dioxano, 

etc.— is negative in respect to tlie long axis of the particle. A negative 
effect of this kind occurs with vcr\" few' substances. It has been obserw^d 
previously witli poly-indcne,'* with esters of poly-aciydic acid and with 

Quantitative discussion of the viscosity and the double refraction of now 
of suspensions can be found in KolUnd Z., t933» 

*• “ Orientation and deformation of disjierse particles in Bowing liquids/' 
Kolloid Z,, 19 ^ 2 , 61 , 26 . 

/. physik. Chemii, 1930, 150A, 2O4. Ibid., 1931, 15JA, 5S. 
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highly nitrated cellulose.^® A great number of substances with long- 
shaped molecules — paraffins, esters of oleic acid, caoutchouc, balata, 
poly-vinyl alcohol, poly-ethylene oxide, ethyl cellulose, acetyl cellulose, 
etc., all have a positive double refraction in solution. There exists a 
relation between the sign of the double refraction in solution and in the 
solid state. The nitro-cellulose fibre is negatively double-refractive 
relative to the axis of the fibre, i.^., the long axis of the molecules. Iso- 
tropic films of polystyrene or esters of poly-acrylic acid become double- 
refractive when stretched, the double refraction being negative in respect 
to the direction of stress. All substances with a positive double refrac- 
tion of flow show cither a positive double refraction in the cr}"stalline 
state (referred to the long axis of the molecule) or a positive double re- 
fraction of stretched film.s (re- 
lative to the direction of stress). 
This identity of the sign of 
double refraction in fiow'ing 
solutions and in the .solid state 
indicates that the double refrac- 
tion of how also, is based on 
the orientation of anisotropic 
f)articles. Sinc(‘ the dissolved 
particle'^ are the thread-mole- 
cules themselves, it must be 
possible to recognise from the 
sign of the double refraction of 
flow in what direction — that of 
the longest or that of shortest 
axis — the molecules have their 
highest p ol a ris abilities (r/. 
Fig. 2). 

B. Intensity of Double Re- 
fraction and the Angle 
of Extinction. 

(a) Low Molecular Poly- 
styienes, with Molecular 
Weights from 5 to 50,000.— 

All solutions show a strictly 
linear incre.ise of the double re- 
fraction with the flow gradient ( i. 
This rule can be confinned in 
the whole region from the 
weakest currents just producing a rnea.mrLibIe double retraction up to 
the beginning of turbulence. The proportionality between the optical 
anisotropy and the gradient G permits the characteri.sation 

of each solution by a constant (Wy * • i.e.^ the optical anisotropy 

corresponding to unit flow. One and the same poly.styrene fraction 
dissolved in a given solvent gives increasing (ny — «,,';/ti-vaIucs with 
growing concentration. The anisotropy increiisc.s more (juickly th:in pro- 
portional to the concentration, as shown by Fig, 3. This figure shows 
also the relation between molecular size and double refrat tion at con- 
stant concentration. If different .solution.s containitig the ^ame mass of 

physik. Chemie, 1933, 165A9 172. 



Fjg. 2. — Extinctiofi'angle iff of rod- 
shaped pariicles with positive and Ptegaiive 
inherent double refraction — 

I. f ’articles with positive double re- 
fraction. 45"^ iff ^ 90^. 

II. f ’articles with negative double re- 
fraction, 135'' iff c. 180 . 

(A) Rotating cylinder. (B) Stationary 
cylinder. 
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polystyrene per litre are compared, one finds that {tiy — w«) /G increases 
roughly proportionally to the molecular weight. 

It is important to be able to compare the intensity of the double 
refraction of flow of polystyrenes with that of some other well-defined 
substances. We included therefore in Fig. 3 a dotted line indicating 
the anisotropy of ethyl oleate in the same solvent. The double refrac- 
tion of the ester is positive. The lowest molecular polystyrene contains 
about 100 C-atoms in the chain, oleic acid about one-fourth of this 
number. The double refraction of the polystyrene is approximately 
ten times that of the oleate. The same order of magnitude of the 
effects in both substances speaks rather clearly for the same cause being 
responsible in both cases. The assumption of an elongation of spherical 
balls as the cause of the double refraction of polystyrenes thus becomes 



Fig. - Am. ^<}tropY of diffetttU polystyrenfs dissolved in cyclohexanone : (unit 
How gradient) I he iiuml>erN with \smch the single curves are inscribed are the 
approximate molecular weights of the fractions. The concentrations are in gm. 
per litre. The dotted line shows the double refraction of ethyl oleate in cyclo- 
hexanone. 

less probable, since it i,s known that in the o;vse of oleic acid the cause 
is definitely an orientation of rod-.shaped molecules. 

With low molecular products (molecular weight 5 to 30,000) the 
extinction-angle is always 135"', independent of gradient and concentra- 
tion. The meaning of the extinction -angle is explained by Fig. 2. 
With molecular weights of the order of 50,000 deviations of the ex- 
tinction-angle from the value 135® by a few degrees begin to occur, 
especially at high concentrations and high flow^-gradients. 

The constant extinction-angle 135® meant , according to the orienta- 
tion theor>', that the desorientation by the Brownian movement is a 
much quicker proces.s thiin the orientation by the flow. Under these 
circumstances the degree of orientation remains very small even at the 
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highest experimentally attainable flow gradients* In this region of 
small effects, theory predicts a proportionality between the double re- 
fraction and the flow-gradient. This is confirmed by experiment. With 
increasing molecular weight the Brownian movement becomes less intense 
and the desorientation slower. This is the reason why solutions of 
homologous polymeric substances of the same concentration, must show 
increasing double refraction with increasing molecular weight. This 
prediction is also confirmed by experiment. We may say that the 
double refraction of flow of low molecular polystyrene.^ completely 
confirms to the rules of the orientation theory. 



Fig. 4. — Extinction'UngU ^ of different polystyrenes as a function of the flow^ 
gradient. The numbers 100,000, 190*000 and 630.000 arc the approximate 
molecular weights of the fractions. The numbers with which the single curves 
are inscribed are concentrations in gm. |xjr litre. Solvent : bromobensene. 

(6) High-molecular Polystyrenes with Molecular Weights 
from lOOyOOO to 1^000,000. — With molecular weights up to 300,000, 
the double refraction still incrcanes proportionally to the gradient of 
flow. The simple relation {uy - /G const, still holds and the 
incre^e of the anisotropy with concentration can be represented by 
plotting this constant against concentration in the same way as was done 
in Fig. 3 for lower molecular substances. At the highest molecular 
weights (over 500,000) the double refraction begins to increase more 
quickly that proportional to the gradient of flow. 

The extinction -angles arc much higher than 135 *^* Fig. 4 shows the 
variation of ^ with the increasing gradient of flow for some polystyrene 
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solutions in bromobcnzene. The thick lines correspond to equi -con- 
centrated solutions with molecular weights equal to I00,CXX), 190,000 
and 630,000 (6*2 g. per litre). The thin curves show 0 as a function of 
concentration for a substance with a molecular weight of 190,000. 

We will try to compare the experimental results with the predictions 
of the orientation -theory in the case of high-molecular products too. The 
curve which represents the extinction-angle as a function of the flow 
gradient is, for all solutions, in qualitative agreement with theory. The 
relative positions of the group of curves corresponding to different 
molecular weights are also in agreement with theory. An increase 
of molecular weight means a diminished intensity of thermal agitation, 
and therefore a better orientation of molecules at the same concentration 
and the same gradient of flow. The extinction-angle must thus increase 
with increasing molecular weight. The observed variation of ^ wuth 
concentration of a given substance at constant flow is in agreement 
with thcor\'. Rising concentration leads to a stronger interlacing and 
entanglement of the single molecule^, and thus to a slower desorientation 
by thermal shocks. The extinction-angle must therefore become greater 
in accordance with the experimental result. Only at one point does 
experiment yield results disproving the theory : with solutions whose 
extinction angle differs appreciably from 135®, the anisotropy must 
be expected to increase more slowdy than proportionally to the gradient 
of flow\ The experiment shows, how'cver, a proportionality betw'een 
{n^ — n^) and G, and at ver\' high molecular weight even a still more 
rapid increase of — tta-. The orientation theorv’ does not explain this 
behaviour, in the folhwing paragraph we shall tr>’ to find a form of 
thread molecules w^hich could explain all the phenomena observed. 

C. Form of Polystyrene molecules which would be in Agree* 
men! with the Phenomena of Double Refraction. 

The agreement between the orientation theory and experiment at 
** low** molecular weights favours the assumption that the most probable 
from of the molecules of low molecular fwlystyrenes is linear. No theoreti- 
ail or experimental arguments suggc.st, however, the assumption of rigid 
molecules ; certain deviations from the linear form are therefore quite 
probable to occur. The as-^^umption is only that an energy is necessary 
to l>cnd the molecules and that thty have therefore a tendency to 
straighten themselves out again. An explanation of this tendency will 
be sought later. At iow' molecular weights we suppose the greatest 
number of molecules to be present in a linear state. Their double re- 
fraction of flow i.s priUTtically a purely orientation phenomenon. In 
going over to higher molecular products, one has to consider that with 
growing chain-length the form of a molecule with a given radius of 
curvature differs more and more from that of a straight thread. We 
have therefore to suppose that at high molecular weights, in addition 
to molecules which arc more or less straight rods, there occur a great 
number of appreciably curved molecules of different shapes. Purely 
geometrical considerations explain why the contribution of the latter 
to the double refraction must be very small. With mcrcasing gradient 
of flow the cui^Td molecules arc more and more straightened. This 
effect explains the rapid increase of the double refraction of high poly- 
meric polystyrenes with the gradient, which proved to be ** too quick 
from the point of view of the pure orientation theory. 
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Very high molecular nitro-celluloses show a dependence of double- 
refraction on the flow gradient which is nearly in agreement with the 
orientation theory.^* We can consider this as an indication that the 
deviations from the linear form are, in this case, much smaller than 
in the case of the polystyrenes. Sterochemical considerations support 
this suggestion. 

The above discussed conception of the form of polystyrene molecules 
in solution is based on the assumption of a tendency of molecules to 
straighten themselves out. To make the theory plausible, one has to 
find an explanation for the forces which are responsible for this tendency. 
We bear in mind in this connection, the resistance against free rotation 
around the C — C bond, which has been discovered in the ethane mole- 
cule. A resistance against rotation seems, however, not to suffice as 
an explanation of the straight form of long molecules in solutions. The 
following idea may explain to some extent the tendency of molecular 
thread-balls to disentangle : the individual parts of the long thread 
molecule have, to a certain degree, the properties of small separate kinetic 
units. A cluster formed by a polystyrene thread is therefore comparable 
to a swarm of small molecules, resembling that which exists in the first 
moments after the dissolution of a small crystal. Sooner or later dif- 
fusion distributes the molecules of the swarm more or less evenly through- 
out the whole of the solution. An analogous osmotic phenomenon will 
cause the molecular ball to disentangle as far as possible. The linear 
form appears from this point of view to be only a question of statistical 
probability. Deviations from the straight form are effects analogous 
to the fluctuations of the concentration of a solution. But a statistical 
treatment of this kind will surely lead to results concerning the most 
probable form of the molecules quite different from those obtained by 
the purely geometrical statistics of different possible situations, as 
developed recently by some authors,^^ 

D. Double Refraction of Flow and the Abnormal Viecoelty of 
Polystyrene -solutions . 

The solutions of lower-molecular polystyrenes have a normal viscosity 
— t.e., their internal friction is independent of the gradient of flowr. From 
about the molecular weight 100,000 upwards Lhc viscosity becomes ab- 
normal ; the internal friction decreases with increasing gradient of flow. 
The larger the molecules, the stronger becomes this abnormal effect.^* At 
molecular w^eight 100,000 also the deviations of the extinction -angle from 
the value 135® become appreciable. They also increase with increasing 
molecular weight. The orientation theory demands that solutions with 
an extinction-angle equal to 135® shall have a constant viscosity. The 
stronger the orientation of particles in the direction of the flow' (and the 
greater therefore the extinction angle), the smaller must be the resist- 
ances of the particles against the flow of the liquid. 

This agreement between optical measurements and viscosity data 
from the point of view' of the orientation theory forms another argument 
for the assumption of a more or less linear structure of the molecular 
threads of polystyrene. Abnormal viscosity is in this case a |)urcly 

pkysik. Chem., 1933, 165A, 161. 

W. Kuhn, KoUoid 1934, 68, 2 ; further, W. Guth and H. Mark, Monat- 
shefte Ckemie,, 1935* 65, 93. 

Die hochmoiehularen organischen V ethindungen, Berlin, J. Springer, 1932, 
p. 1S8 ff. 
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orientation -phenomenon, and it must be possible to find quantitative 
relations between the extinction-angle and the internal friction. 

E, Double Refraction of Flow in Different Solutions* 

In a great number of solvents — e.g., benzene, toluene, tetraline, and 
bromobenzcne — the relative viscosities of the polystyrenes are the same. 
The velocities of sedimentation in the ultracentrifuge are also identical 
in these different solvents (if reduced to the same differences of density 
and the same viscosity). .Another constant property of these solutions 
is their light-scattering (reduced to the same difference of refractive- 
indices). finally, the phenomena of double refraction of flow are very 
much alike in all these solutions. We may therefore assume the state 
of the dissolved particles to be tlie same. 

There exist a number of solvents in which all the above-mentioned 
properties prove to be different. The relative viscosity of polystyrene 
solutions in these solvents is very low, the sedimentation-velocities 
very high, the light-scattering extremely strong. The double-refraction 
of flow appears also abnormal. The extinction-angles are extremely 
small. The sign of the double r^^fraction may even be changed. The 
phenomena are too manifold to be explained by one single cause. We 
may imagine that in certain liquids the molecules are strongly interlaced, 
in others there may be even a formation of micelles, etc. A more de- 
tailed discussion will not be possible until other classes of substances 
have been investigated. 


THE MAXWELL EFFECT IN COLLOIDS. 

By Dr. A. M, Taylor. 

Received 2i.yf Au^t, 1935. 

The interpretation which is placed upon the results of measurements 
of streaming double refraction set up in sols has been the subject of 
some controversy. Signer,' Boeder* and others have supposed that the 
double refraction obscr\"ed is the immediate consequence of orientation 
of the colloidal particles, produced by the continued shear sustained in 
the viscous medium in which they are suspended. The orientation is 
caused by the non -spherical nature of the particles, and the hydro- 
dynamical forces involved arc balanced against the thermal agitation, 
so that a statistical equilibrium is achieved in which there is a preferred 
direction of orientation of the longest axis of the particles. The particles 
are assumed cither to be themselves optically anisotropic, or to be 
isotropic but of refractive index different from that of the surrounding 
liquid. In the first case the observed streaming double refraction is 
termed inherent or intrinsic, in the second it may be called “morphic” 
{FormdvppeWrichung), Kulm * has taken the "alternative view, and 
supposes that the phenomenon of streaming double refraction is essen- 
tially one of photoelasticity. The particles are assumed to be isotropic 
in the stationary sol, but when continued shear is set up by streaming, 

’ Signer and Gross. Z. pkynk. Ch$m,, 1933, 165, i6x. 

* Boeder. Z. Pkysik, 1932. 75, 238. 

Kuhn. Z. pkysik, Ckem,, 193a, 161, 427. 
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the Stokes forces of tension and compression to which the shear is 
equivalent, cause them to be deformed, so that strain birefringence is 
produced in each particle, the magnitude of the effect being proportional 
to the stress just as in the macroscopic case. 

It will be appreciated without the need of quoting formulae and 
figures that both theories are able to account for the facts, more es- 
pecially since the chief experimental interest lies in the variation with 
shearing force of the magnitude of the effect and of the direction of the 
optic axis relative to the stream lines. There turns out to be little 
difference in the general description of the phenomenon whether the 
birefringence be ascribed to orientation of anisotropic or to deformation 
of isotropic particles. It is suggested that two effects associated with 
the names of Kerr and Ambronn may throw light on the problem. 

Electric Double Refraction of Colloidal Sols. 

The Kerr effect, w’hich is the production of double refraction in an 
isotropic liquid under the influence of an electric field, is ascribcfi to 
the orientation of the constituent particles, be they molecule^ or 
aggregates. This orientation occurs as a re.su It of the couple exerted 
by the electric field upon the dipole moment of the molecule or particle ; 
this dipole may be permanent or induced. Just as in tlie Maxwell 
effect of streaming double refraction, statistical equilibrium is set up 
between the forces of orientation and thermal agitation ; if the mole- 
cules are optically anisotropic, or in the c«ise of colloidal particles 
even if they are only anisodimensional so long a.s the surrounding 
medium is of different refractive index, then the liquid becomes doubly 
refracting and the optic axis coincides with the preferred direction of 
orientation, i.e. with the electric field. Information has very nam rally 
been sought from the Kerr effect as to the shape and properties of 
colloidal particles, as well as from the Maxwell effect, but the two 
phenomena appear to have been invoked separately and not simul- 
taneously. 

The usual method of observation of streaming double refraction 
is that suggested by Stokes, in which the liquid is contained in the 
annular space between two concentric cylinders, one of which is fixed 
while the other rotates, so that the stream ^‘nes are concentric with 
the cylinders. The optic axis everywhere coincides w'ith the stream 
lines in the limiting cases of large particles or of high shearing velocity 
(less than that at w^hich turbulence sets in). For low shearing velocity 
it may tend towards the direction of the equivalent Stokes force of 
tension, i.e. 45® to the .stream lines. 

If now an electric potential difference were to be applied between 
the two concentric cylinders the field would be radial. The double 
refraction resulting would be that due to the combined effect of the 
two fields of force, the one mechanical and the other elect ncal. 
Assuming for the moment Kuhn’s view of streaming double retraction 
to be true, there should be no change of optical properties of the 
streaming liquid on switching on the electric potential. Even if the 
particles are electrically anisotropic, so as to be influenced by the field, 
they are supposed to be optically isotropic. If they are spherical 
orientation of their dipole moment by the field will certainly have no 
effect. If on the other hand the opposite view be taken that the 
particles are anisodimensional then they will be affected by the appli* 
cation of an electric field, and if they possess in addition a permanent 
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dipole moment the influence of the electric field will be so much the 
stronger. If the particles have inherent optical anisotropy, and it is 
their orientation which is the cause of streaming birefringence, then on 
switching on the electric field there should be observed a change of 
direction of the optic axis of the streaming liquid ; the change would 
be such as to tend to swing the optic axis into the radial direction. 
The magnitude of the change would depend upon the relative strength 
of the electric and mechanical forces of orientation, so that from a 
knowledge of some of the constants of the particle others may be 
inferred, e.g. axial ratio, dipole moment, etc. Thus considerably more 
information may be gained as to the character of the colloidal particle 
by the simultaneous study of the Kerr and Maxwell effects, than of 
either separately ; in addition the method provides a crucial experi- 
ment to decide the truth of the two rival theories of streaming double 
refraction. 


Dichroism. 

Ambronn ^ in a series of beautiful experiments show^ed that colloidal 
materials such as cellulose and its derivatives consist of micelles arranged 
either at random or in parallel orientation. When dyed wdth suitable 
dyes such material becomes, in the latter case, dichroic and the optic 
axis coincides with the direction of orientation. Frcimdlich® found that 
vanadium pentoxide .‘^ols exhibited not only streaming double refraction 
but also dichroism. Bjomstihl * examined the dichroism of lyophiie 
and lyophobe sols, and Preston’ made use of the dichroism of adsorbed 
dye in determining the structure of both natural and artificial fibres. 
This type of dichroism is due to the fact that the dye molecule is itself 
anisotropic and therefore dichroic within the region of its own absorption 
band ; the forces of adhesion of the dye molecule arc directed and so 
likewise are those of the colloid micelle*; it follows that the orientation 
of the dye molecule is that of the micelles and the optic axis of dichroism 
of the dyed material in bulk is also the axis of birefringence of the 
micellar structure. 

If a sol, say of cellulose acetate, is to be examined for Maxwell effect 
then it might also l>e dyed with a small quantity of “ direct ” dye and 
the streaming liquid tested for dichroism as well as for double refrac- 
tion. Assuming the orientation theory of streaming double refraction, 
it follows that, as the adsorbed dye molecules partake of the orientation 
of the particles, the dichroism will always be proportional to the induced 
birefringence, and the optic ;ixes \rill be identical. On the alternative 
theory of Kuhn the particles are originally isotropic, and may even be 
spherical as well, so that the sol only exhibits double refraction as a con- 
sequence of their pholoelastic defonnation. If the particles are spherical 
there is, on flow', no orientation, and while there may be double refrac- 
tion there can be no dichroism. If the particles arc isotropic but not 
spherical, there may be some orientation and therefore dichroism, but 
since the birefringence is, in Kuhn’s theory, caused by deformation, the 
dependence of the two effects upon the velocity of shear b not likely to 
be the same. 


* Ambronn. Physik mtd CAeni., ^4^ 340. 
‘Freundlich. Z. physik, Ck$m., 1925, Ii4« 161. 

• Bjomstihl. Uppsala DissartaHon, 1944. 

’ Preston. /, Sac. Dyws Cof.. 1931, 47, jxa. 

» Frey. Z. wiss, Mik>, 1930. 47 * x. 
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Conclusion. 

In the electrical experiment suggested as being a crucial test of the 
two theories, a positive result would be evidence for the truth of the 
orientation hypothesis. A negative result, that is, zero change in bire- 
fringence on switching on the electric field, might merely indicate that 
the dipole moment of the particles remained zero. This could be 
checked from measurements of the dielectric constant, and of its tem- 
perature variation. 

In the dichroism experiment, zero dichroism and finite birefringence, 
if this occurred not merely with a single dye but with many, would be 
strong proof of the deformation hypothesis, particularly if the behaviour 
of the dyes could be checked by observations with material in the gel 
condition. On the other hand, parallel behaviour of dichroism and 
birefringence would be evidence in favour of the orientation theory". 

The Physics Laboratory, 

The University of St, Andrews, 


GENERAL DISCUSSION, 

Dr. R. Houwlnk (Eindhoven) said : Perhap)s the difference between 
protein and polystyrene in Fig. i might be partly explained by assuming, 
in both cases, the presence of a cluster, of which the first is deformable 
with much more difiSculty than that of polystyrene. The cause of this 
might perhaps be that in the protein there are present positive and negative 
groups, which will keep the cluster tight together, whereas such strong 
forces cannot be point^ to in polystyrene. 

In Table I. reference is made to real molecular weight. Is this the 
molecular weight determined by the ultra-centrifuge, and is there any 
control which proves that this is the right molecular value indeed ? 

Dr. J. H. de Boer (Eindhoven) said : Following my suggestion of 
yesterday after the lecture of Professor Staudingcr, I should like to ask 
Professor Signer what are the liquids in which he finds a low and a high 
value, respectively, for the double refraction of ffow and in w^hich a high 
one. Are his observations in accordance with my predictions on account 
of van der Waals' forces, vie., that those liquids whose molecules resemble 
the constituents of the polymer physically give a high solvation, high vis- 
cosity. a low scattering of light and a strong double refraction of ffow, 
whereas liquids differing much from the constituents of the polymers will 
give the reverse properties. In the first group of Uquids one has to assume 
more or less stretched, strong solvated molecules, in the second group the 
pol3miers naay be clustered together. I think this is in accordance with 
Professor Signer's views. 

Dr. A. M. Taylor (S/. Andrews) said : On theoretical grounds it would 
be of interest to examine the streaming double refraction of the same 
substance dispersed in a series of liquids of various refractive indices. 
Morpiuc double refraction vanishes when the refractive index of the sur- 
rounding medium equals the mean refractive index of the suspended 
particles, and only intrinsic and photoelastic double refraction remains. 
From the steepness of the curve describing, under comparable conditions 
of velocity gr^ient and viscosity, the double refraction as a function of 
the refractive index of the dispersing liquid, the ratio of the volume of the 
suspended particles to that of the liquid may be deduced,* Deviations 


• Weiner, Physik, Z,, 1904, 5, 33*2. 
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from the theoretical behaviour would indicate that the liquids were not 
without influence upon the shape of the particles. 

Dr, F, Eirich (IVien) said : Professor Signer and many other investi- 
gators explain the behaviour of their high molecular solutions by assuming 
a rodlike shape of the suspended molecules. Indeed, the elongated particle 
form is quite generally given as the reason for high molecular qualities. 
Unfortunately the practical behaviour of really rigid rods in solution is not 
well known. Even mathematical treatment succeeds only partially (viz, 
for the case of very strong Brownian motion), but neither this nor other 
approximate results are satisfactorily proved. I therefore undertook 
experiments with really rigid rods of well-defined axial relation. The 
figure {Plate I, i) will give an idea of the rods of silk with which I worked. 

I am continuing the w’ork with smaller rods exhibiting Brownian motion. 

From these results one can discuss Professor Signer's experiments from 
another point of view, I emphasise that doubling the len^h of stiff rods 
causes a proportional increase of the specific viscosity. Further the mole- 
cules with which Professor Signer worked, which were doubtless agitated, 
must, if they were rigid have given rise to a greater increase in the viscosity. 
Of course the dependence of the sedimentation velocity on concentration 
indicates an elongated particle shape. But such long particles, if completely 
straight, would give hue to a further anomaly. There is also no reason to 
assume a gliding. In accordance with the hydrodynamical assumptions 
all these long-chain molecules with their substituents on the sides attached 
to liquid molecules are sufficiently large to disturb the flowing. Since 
even sugar molecules and hydrated ions seem to satisfy the hydrodynamical 
equations it follows that dimensions about ten times greater than those 
of the fluid molecules satisfy the hydrodynamical calculations. This 
argument and the fact that really rigid rods can bring about the same 
enormous \iscosity effects as high molecular bodies enables us to explain 
Professor Signer’s effects as due to moderately long coils into which the 
longer chains have become entwined. 

Professor H. Mark (IPicn) said : The interesting measurements of 
Professor Signer give an im[X)rtant contribution to our knowledge con- 
cerning the form of large molecules in diluted solution and I agree entirely 
with him that the ultracentrifuge and the investigation of the double 
refraction arc of the greatest importance. I think also that all our present 
knowledge on viscosity, sedimentation, velocity, double refraction and 
osmotic pressure points in a certain direction concerning the shape of 
macromolecules in the dissolved state. 

The chain-like macromolecules, w hich must be investigated in extremely 
diluted solution seem not to lie compact, more or less sphere-like clusters 
(compare, for instance, Fig. 2a}. They are, moreover, not quite extended 
and stiff w'ith elastic vibrations (as shown in Fig. 2lf), but they are in a 
state, as it is shown in Fig. 2c, that is to say, they are bent but not rolled 
entirely together. If one assumes the form shown in Fig. 2C one gets in 
fairly good agreement with all experimental evidence (Staudinger-equa- 
tion, s^imentation velocity, double refraction} and remains at the same 
time in concordance with fundamental statistical considerations and with 
the principle of the free rotation round the single carbon bond. I think 
that the shape shown in Fig, zc may be regarded as a close approximation 
to the real form of the long molecoles in solution. 

Professor H. Staudinger (Fteihutg % Bf.) said i The accurate know- 
ledge of the shape of organic molecules is of general importance, since 
the physical properties of an organic substance in the solid or liquid state 
and in solution do not only depend on the constitution but also on the 
shape of the molecules. Take, r.g., the glycol esters. If one wishes to 
express in the chemical formula the ph)rsi<^ properties of the molecules. 


H. Staudinger, 2, Ehkirock 9 mie, 1934. 40# 434, 



312 


THE MAXWELL EFFECT IN COLLOIDS 


then the glycol esters should be written according to formula i and not 
formula 2 : 

I. 

CH 3 ---(CH,),-~-CO--- 0 --CH,CH,CH,CH,~- 0 ---CO-~-(CH,).-~CH,. 

II. 

CH3~~CH,— 0 >~C 0 — (CH,).---CH, 
CH,--~CH,-~ 0 -~C 0 --{CH,).~-CH,. 

In the solid state the shape of the molecules can be elucidated by X-ray 
analysis which, however, in the above mentioned case has not yet been 
carried out. In solution the shape of the molecules can be determined 
by viscosity measurements, because the validity of the viscosity law 
^up(V4t per cent) = ^ case of long chain paraffins, ethers, esters, 

acids, both for saturated and unsaturated derivatives, proves that the 
thread molecules in these solutions possess a long extended shape. In 
these cases the viscosity of the solution, as expressed in the above formula. 



a b c 

Fig. 2. 


is chiefly determined by the length of the molecules and is largely inde- 
pendent of their diameter. When these thread-like molecules are sub- 
stituted in the side chains, the viscosity of a i’4 per cent, solution remains 
unchanged. Thus equally concentrated solutions of squalene and squaiene 
hexabromide possess equal specific viscosities though the molecular 
weight of the latter compound is approximately twice as great as that of 
the former. Hence the shape of the squalene molecule is not altered by 
bromine substitution. The following fact shows that the thread molecules 
must possess a strong degree of rigidity : in the case of acetyl celluloses 
and nitrocelluloses the molecular weights as determined by the viscosity 
method and by the o.smotic method agree very well with each other. 
This idea is further strengthened by the remarkable stability of high 
molecular weight compounds and by the fact that even organic substances 
of a somewhat complicated nature crystallise readily. This could not 
very well be understood if the shape of the molecules in solution and in 
the solid state were very different. One is forced to assume that the shape 

In the above formulation tetramethylene glycol ester was chosen as example 
and not ordinary glycol ester, since in the latter a little complication occurs ; 
compare H. Staudinger and H. Schwalenstdckcr, Bsr., 1935, 68, 727. 

“ Compare this vol., p. 110. 
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of the molecule in the crystalline state is essentially preserved in sola- 
tion» as has been proved in the cases of the paraffins, fatty acids and their 
esters, polyethylene oxides, and cellulose and their derivatives, ^ for 
the X-ray crystal structure analysis of these substances has led to the same 
shape of the molecules as can be deduced from the viscosity measurements 
of Ihe dissolved molecules. 

Of course, thread molecules in solution cannot be compared with 
entirely rigid rods, but with very thin elastic rods, in which ela^c oscilla- 
tions about a mean position occur, these vibrations becoming larger and 
larger with increasing temperature. Otherwise it could not be imder- 
stood why such compounds undergo intramolecular reaction with ring 
formation. 

Mr. J. Boulton (Braintree) said : When cellulose is dyed with direct 
dyes it is believed that the filamentary dyestuff molecules are oriented 
lengthways in the direction of glucose chains and are held thus by the 
residua] valency forces exerted by OH groups on the inner surfaces of 
cellulose crystallites. It is this orientation which gives rise to the dichroism 
which is evident in cellulose bodies dyed with direct dyes. With regard 
to the second part of Dr. Taylor*s j^per, experimental difficulties arise when 
we attempt to imitate these conditions in a sol. It is a simple matter to 
prepare a sol from esterifted celluloses, but the considerations stated above 
with reference to direct dyed cellulose do not hold with esterified cellulose 
which in any case does not absorb the '* dichroic *' direct dyes ; the pre- 
sent speaker is acquainted with no coloured bodies w'hich are at^rbed appre- 
ciably by cellulose acetate and which exhibit dichroic behaviour. If bodies 
were found which exhibited dichroism on acetate cellulose it is, further, 
highly likely that they would as strongly associate writh any cellulose 
acetate solvent as with the material itself. The principal difficulty appears 
to be getting a cellulose sol in which the behaviour of absorbed direct dye 
could be studied. 

Dr. A. M. Taylor said in reply : It is regrettable that for chemical 
reasons the second method, that of staining the macro-molecules by oriented 
adsorption of a suitable dye, and observation of the dichroism induced by 
flow', appears to be difficult in practice. It is to be hoped that the method, 
which on theoretical grounds would l>e vcr\^ fruitful, may perhaps prove 
useful in special cases ; it is of less general application than the first 
method suggested of crossed electric and hydrodynamical fields. The 
simultaneous observ^ation of the Kerr and Maxwell effects should be valu- 
able in every case except the s|xjcial one when the macro-molecule pos- 
sesses only a negligible dipole moment.’* 

Profeasor R. Signer (Bern), in reply : Dr. Houwink suggests that the 
striking decrease in the s^imentation velocity of polystyrene may be ex- 
plained on the assumption that in .solutions at rest, coils or clusters may be 
formed which are veiy' readily deformed, and that on streaming in the 
capillary viscometer or in the centrifuge cell the coiled thread molecules 
would be more or less extended. This explanation is. from many points 
of view, attractive but it presents many difficulties. If polystyrene solu- 
tions arc sedimented in strongly varying centrifugal fiel^ we find a pro- 
portionality between dx/df and If deformation occurred with in- 

creasing velocity there would he no proportionality of this kind. The 
sedimentation experiments which have so far been carried out provide no 

Compare H. Staudinger. Z, Eiektrockemie, 1934, 40, 434. 

Compare E. Sauter, Z. fkysikal. Chem., 1933, 

On the form of the cellulose molecule in the solid state, compare Sponsler 
and Dore, Colloid Sym^sium Monograph, 1926, 174 and further, K. H. Meyer 
and H. Mark, Bar., 1918, 61 , 593. On the shape of the ^Uuloee molecule in solu- 
tion, compare H. Staudinger, Die hoekmoUkuimtn orgamischen Verbtndungen, 
Kautsekuh m$d Cellulose. 

Meyer. Meiliand, tgtS, 9, 373 ; 1929, 10, 31* 

Acta, 1934> !?» Table III. 
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confirniatioii of Dr. Houwink^s interj^etation. Further, the linear increase 
in the streaming double refraction with the velocity gradient gives evidence 
against an unravelling of coils. On the other hand, we do still find our- 
selves in harmony with experiment, if we assume that in fluids at rest 
the threads are fullv extended. 

In reply to Dv, Houwink's other question, the molecular weights in 
Table I. were determined by means of the ultracentrifuge ; i.e,, from the 
sedimentation equilibrium. With regard to the accuracy of these values, 
one can only say that in very dilute solutions there are no osmotic com- 
plications. 


^*0 



the solvent. 


(1) Methyl ethyl ketone. 

(2) Butyl acetate. 

(3) Dioxane water mixture. 

(4) Dioxane. 

(5) Dekaline. 

(6) Toluene. 

(7) Tetraline. 

(8) Brombcmzene. 

The questions of J. H. de Boc-r and A. M. Taylor are answered by 
Fig. I. It shows the dependence of the streaming double refraction 
of a polystyrene (mol. wt. about 100,000) on the refnw:tive index of the 
solvent. The figure shows that purely rod-like morphic double refraction, 
without intrinsic double refraction, cannot exist. A curve can be drawn 
through points i, 2, 4, 6, 7 and 8 which corresponds qualitatively to an 
interaction of negative intrinsic double refraction and rod-like morphic 
double refraction. The values for a mixture of dioxane and water as 
solvent and for tetraline lie off the curve (points 3 and 5). Clearly these 
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media have but slight solvent affinity for polystyrene. The conditions for 
solution are here different, as is to be inferred from other properties, such 
as viscosity, degree of turbidity, etc. 

In reply to Mark and Eirich : The experimental conditions in poly- 
styrene solutions can be best understood if we assume that relatively 
short molecules exist exclusively in the stretched form. Very large 
molecules will also exist in the curved form. The assumption of a tight 
coiling is scarcely compatible with experimental observation, at any rate 
in solvents with good solvent capacity. The tendency towards coiling 
is well understood as an osmotic effect. 


SOME OBSERVATIONS ON POLYSTYRENE AND 
ON THE MECHANISM OF POLYMERISATION. 

By Ci. Stafford Whitby. 

Received Jih August, 1935. 

Leaving aside the case of such materials as carbohydrates of high 
molecular weight, which cannot be regarded as polymers in the sense 
of substances formed by the repetition in a single molecule of a mono- 
meric unit known to exist separately (no simple unit, CeHjgOi, is knowm 
from which cellulose is obtainable), and in the formation and 

behaviour of which secondary valency forces associated with the oxygen 
bridges may possibly play an important part, in typical cases the oc- 
currence of polymerisation is dependent on the pre.sence in a monomeric 
unit of an unsaturated centre, such as C : O, C : N or, most frequently, 
C : C, and the repetition of such a unit in single molecules to form poly- 
mers is, according to the consensus of present-day opinion, due to primary 
valencies. 

Studies of tlie polymerisation of a number of unsaturated compounds, 
which are capable of yielding polymers ranging up to material of high 
molecular weight, and including prominently compounds containing a 
conjugated system, especially butadienoid hydrocarbons and compounds 
containing a semi-benzenoid system, and, particularly, detailed studies of 
the polymers of indenc, led the writer to the view that the union of mono- 
meric molecules to fonn polymers ii. typically due to a succession of 
additions, of the ordinary, chemical type, to the double bond present in 
the monomer or the preceding pol^mieric stage, an atom of hydrogen going 
to one side of the double bond and the rest of the addendum to the other. 
For example : — 


+ iSc:CH — ► H,c . in . i ; in 
t t 


H,i . in . : (i:H + 1h| . i ; (Ih 

f ^ ! ‘ 


• (t) 


• ( 2 ) 


Dimer 
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or 


II ,-,1111 
HC : CH + |H|HC ; CH . C ; CH 
t t II 


I I I I I I 

^ H,C.CH.CH.CH.C:CH 

Trimer 

I I 

+ (;c- I) HC:CH . 

II rl I 1 • I 

^ HjC . CH . LCH . CH J, . C : CH, 


( 3 ) 


Unsaturation of Polymers. 

It was found that highly polymerised materials (e,g., pohmerised 
indene,^'* styTene,* vinyl acetate,* cinnamal fluorene * cinnamal indone,' 
isoeugenol, • isosafrole, * dimethyl butadiene •) are highly heterogeneous and 
can be separated into an unbroken series of fractions of different molecular 
weights, differing regularly in melting-point and in the viscosity of their 
solutions. In the case of polyindene it was shown that, irrespective of the 
molecular weight, the fractions contained one double bond per mole, in 
accord with the above mechanism. Thus, for example, fractions of poly- 
indene separated from a sample produced by the catalytic polymerisation 
of indene by means of stannic chloride gave the following results : — * 

TABLE I. — Fractions of Polyindene (by SnCl*). 


Fraction No. 

Mol. wt. .... 
Atoms of bromine added per 
mol. polymer 


I 2 3 4 5 7 

3320 2785 2560 22<>5 1900 1508 95.; 

2*43 205 2*12 I '97 1*85 2*19 


Fractions secured in various experiments from polyindene prepared by 
heating indene gave the results in Table IT* 

Subsequently * polystyrene fwepared by heating styrene for ninety -six 
hours at 245° C. was separated by i&action^ precipitation into six fractions 
ranging in molecular weight from 4405 to 977. The fractions were found 
to be unsaturated, and the indications are that one double bond is present 
per mole, irrespective of the size of the molecule. The following table 
shows results obtained with these fractions and also with samples of dis- 
tyrene and tristyrene prepared by the pyrolytic distillation of polystyrene 
{infra) and with a sample (a) of polystyrene prepared by another pro- 
cedure, viz. by heating a i : i mixture of styrene and distyrene (infra). 
Thedetermination of the degree of unsaturation of relatively high polymers, 
is attended by some difficulties and uncertainties, apart from the fact 
which led to the use of McIIhcny’s method, that both substitution and 
addition take place when bromine is allowed to act on polymers of indene 
and styrene. The double bond, it appears, becomes less reactive, the higher 

* Whitby and Katz, J. Amer. Ckem. Soc., 1928, 50, 1 160. 

‘Whitby and Katz, Can. J. Res., 1931. 4 , 344. 

* Whitby and Katz, Unpublished Experiments. 

‘Whitby, McNally and Gallav, Trans. Roy. Soc. Can., 1928, 27. 

^Whitby and Katz, Can. J. Res., 1931. 4 ' 487. 

•Whitby and Crozier, Can. J. Res., 1932, 6, 203. 
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the degree of polymerisation, Brunner,’ working with Staudinger, meas- 
ured the bromine absorption of polystyrene preparations higher than those 
listed in Table III., with the results in Table IV, 

In these experiments, however, an absorption period of only one hoiu 
was allowed. In the experiments on which Table III. is based an absorption 
period of twenty-four hours was given. But even the latter period is 
apparently insufficient for the completion of bromine addition, to judge 


TABLE 11. — Fractions of 

POLVINDENB (BY TRSRMO- 

POLYMBRISATION), TABLE HI. 


£xpt. No. 

Mol.Wt. 

Atoms Br 
Added 

Per Mol. 

Meao Mol. Wt. 
of Fr%ct>(»a. 

Average No. of ! 
Modomexic Mols. ! 
in Polymer. ! 

1 Atoms 

Bromine 

1 Absorbed 
per Mol. 






I 

553 

‘ 2*00 




— 

583 

1*96 

218 

2 

2*04 

2 

506 

2-99 

307 

3 

i*8o 

— 

669 

2*11 

349 

3-4 

1*84 


778 

2*11 

977 

9 

1*70 

3 ! 

4 t 4 

2-00 

1274 

12 

1*46 

— 

574 

2*07 

1316 (a) 

13 

I *80 

4 

519 

2'19 

1979 

19 

1*24 

5 

474 

2 *08 

2914 

28 

114 

m,mmm 

892 

2*28 

4405 

42 

1*26 


by experiments of Staudinger and Steinhofer • published since the writer's 
work on polystyrene was completed. These authors found the results on 
Table V', for the bromine addition cap^ity of two samples of polystyrene 
{prepared by the action of stannic chloride on styrene). 

It thus seems probable that, had a longer period of absorption thAn 
twenty^-four hours been given in the experiments noted in Table HI., the 


T.ABLE IV.—Broiiinb Absorption 
OF Polystyrenes (Brunner). 


Mean Mol. 

Average No. of 

Atomft 

Wt. of 

Moniwerir Mvds. 

Bromine 

Fraciitw. 

lu IHrfymer. 

Absorbed. 

5.300 

5* 

0*58 

7,600 

73 

078 

13,000 

125 

0*12 


TABLE V. — Bromine Addition to 
Polystyrenes (Staudinger and 
Steinhofer). 


Mean Mol. | 
Wt. (Crvo* ; 
scopicaliy). j 

Atomi of Bromine Added after 
a Period of 

i day. 

3 

4 days. 

2550 

1*10 

1*82 

2*00 

3200 

0-98 

2*00 

I- 9 r 


bromine addition of all samples would have been equivalent to two atoms 
p<*r mole. 

In view of the above data, it seems reasonable to suppose that poly- 
styrenes, like polyindcnes, contain one double bond per molecule, no 
matter what the size of the polymer. 

Additional evidence for the unsaturated character of polystyrene 

’ Brunner, Disseftaium, Zurich, 1926. 

• Staudinger and Steinhofer, AnnaUn, 1935, giy, 33. 
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and polyindene is to be seen in the work of Gallay,® who measured the 
dipole moment of a series of these polymers and found it to increase with 
increasing molecular size — a fact explicable only on the view that a double 
bond persists after polymerisation. 

A recent study of the polymerisation of indene made by Risi and 
Gauvin indicates that a further complication may in some cases arise 
from the occurrence of molecular rearrangement of the first-formed un- 
saturated polymer to a saturated compound (the ordinary, unsaturated 
diindene, for example, can be transformed, by heating, into a saturated 
isomer). This study does not, in the writer’s opinion, invalidate the view 
of the mechanism of polymerisation here in question. It does, however, 
perhaps suggest that in studies directed to the elucidation of the 
mechanism of polymerisation it is wisest to choose cases where poly- 
merisation can be brought about — ^by suitable catalysts or by mere 
standing — ^without the application of high temperatures. Such cases 
should preferably be chosen so that the products are of moderate 
molecular size only, since ver\’ liighly polymerised materials such as 
spontaneously-polymerised styrene are intractable. 

Addition of Monomer and Polymer. 

Further evidence in support of the view enunciated as to the 
mechanism of the polymerisation, viz. that it is a succession of ordinary' 
chemical addition reactions, is found in the fact that when a mixture of 
indene and diindene or of styrene and distyrene is heated higher polymers 
are formed. That the addition of monomer and dimer is involved in 
this reaction is showm by the fact that the amount of higher polymer 
formed is in excess of that which could have been derived from the amount 
of monomer which disappears. 

A mixture of equal parts of styrene and distyrene heated for four days 
at 240° C. gave * 76 per cent, of polystyrene, as a white amorphous sohd 
vrith a mean molecular weight of 1316, equivalent to a polymerisation degree 
of nearly 13. A mixture of indene and diindene gave triindene when heated 
together.* The lower degree of polymerisation attained in the latter case, 
as compared with the case of mono- and di-styrene, is m accord with the 
fact that in general indene does not yield such high |X)lymers as styrene, 
especially when heat is used as the polymerisirg agency. 

Experiments carried out by Houtz and Adkins show that a higher 
stage in the polymerisation process can be secured by causing a lower stage 
and monomer to react. They showed that polystyrene of very high mole- 
cular weight and styrene are capable of adding together when heated, 
yielding a polystyrene of still higher molecular weight. Mixtures of 
styrene and polystyrene when heated together gave a yield of polymer 
markedly greater in amount and higher in molecular weight than was 
given by styTene heated alone under the same conditions. 

The fact established by these various experiments that monomer and 
a lower polymer are capable of adding together to form a higher polymer 
clearly supports the view that a succession of stepwise additions is involved 
in the formation of long chains by polymerisation. 

P'urther in accord with this view is the fact that it has in several cases 
been shown that the unsaturated molecules which represent early members 
in the polymerisation scheme are themselves polymerisable, albeit, as might 
be expected, more sluggishly than are the monomers. Diindene heated 

• Gallay, KolL Zeit., 1931, 57, i, 

Risi and Gauvin, Private Communication. 

Houtz and Adkin.s, J . Amer, Ckem. Soc., 1935, 5$, 1609, 
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for twenty-one days at 214® C. gave 81-4 per cent, of a polyindene with a 
mean molecular weight of 562 » corresponding to a mean degree of poly- 
merisation of nearly 5. Treated with the polymerisation catalyst, anti- 
mony pentachloride, it gave a polymer of molecular weight 1233, corres- 
ponding to a degree of polymerisation of 10. Distyrene heated for four 
days at 245® C. showed indications of polymerisation, the molecular weight 
rising from 204 to 302. Staudinger and Steinhofer • have found that 
distyrene and tristyrene are polymerised by treatment with stannic chloride 
to the stage of a tetramer and a hexamer of st>’Tene respectively. 

Pyrolysis of Polymers. 

In the case of a polymeric product, such as rubber, derived by the poly- 
merisation of a diolefine, pyrogenic dect»mpositk)n is of very limited value 
for the purpose of elucidating the constitution of the polymer, because of 
the occurrence of cyclisation in the oi^en-chain terpenic fragments which 
may be sup^xwed to represent the initial products of cracking. In the case 
of polvTuers, such as jx>lyindene and polystyrene, derived from semi- 
Ixnzenoid monomers, pyrogenic deconip<3sition is, however, a more il- 
luminating and less ambiguous line of investigation. When subjected to 
pyrolytic distillation, !x>th polyindent* and polystyrene behave in a way 
that acc<»rds with the conceptkni of their constitution which has already 
Ix'en outlined. They undergo a typical cracking reaction, which is the 
converse of the reaction concei\'e<l to take place in their formation ; the 
chain undergfX‘S scission into fragments with the simultaneous wandering 
of a hydrogt‘n atom and the apjx^arance of a dnubU* bf)nd for each fragment. 
When the temperature applied is sufficient to produce scission products 
which arc distillable under reduced pressure, these products are — monomer, 
dimer, trimer, and low poljnners. {When the temperature is insufficient 
to yield distillable prcxlucts, the result of heating is to crack " the large 
polymeric molecules to smaller, but still relatively large ones. Thus, 
a sample of pfjlyindene of mean molecular weight 2631, when heated 
for fifteen days at 214^ C\, gave no distillable products but suffered a re- 
duction in molecular weight to 870.*) 

The following Table shows the fractions obtained by the pyrolx’tic dis- 
tillation under a pressure of 2 mm. of two fairly homogeneous samples of 
polyindene of different molecular weights * : — 

TABLE VL- Wroi.ytic l^onucrs from tw'o ' Homogeneous'' Samples of 

POLYI.NDEXE OF MOLECULAR WEIGHTS 2631 AND (>o8 RESPECTIVELY, 

{Per Cffti.) 



' High Polyindear. 


Low PolyittdetKF, 

j 



{on Ri?' 
diflillitlton). 

UndislilUiblc 

Rwidur. 

Total, i 

^ DisiUiate i 
{on Re- 
dbtUlatlon). 

1 Undistillablr ' 
' Kfskluc. 1 

Total. 

Indene 

1 

3 <J 5 i 



39 5 

LV -2 



Diiodene 

Kri 1 

— 

10*1 

10*8 

— 

10*8 

Triindene 

22*3 j 

— 

22*3 

12*0 

— 

12*0 

Low polymers 1 

1*0 ♦ ! 

87 1 

10*3 

5 * : ! 

39 «S 

44 ’9 

Trtixene,etc.. 

j*i 1 

5-7 

0*8 

*7 ! 

14-9 

10*6 

Loss 



50 

too*o 


i i 

-'5 

lOO’OO 


• Mol. wt., 405. 

t Was resolved into three fractions with mol. w-ts. — 657. 531, 393, 
{ MoK wt., 300. § Mot wt., 630. 
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Table VII. shows the fractions obtained by the pyrol)rtic distillation 
under reduced pressure of a sample of polystyrene of very high molecular 
weight and one of relatively low molecular weight, obtained from styrene 
by spontaneous polymerisation and by heating respectively. 

TABLE VII. — Pyrolytic Products from a High and from a Relatively 
Low Polymeric Product of Styrene. 



Spontaneously Pol>'merised 
Styrene (Mol. Wt., over 56,000). 

I[. 

Heat Polymerised Styrene 
(Mol. Wt., 3489). 

B.P. 

Yield 

(Per Cent.). 

B.P. 

Yield 

(Percent.). 

Styrene 

29-31 °/6-8 mm. 

55*3 

29** /2 mm. 

42*2* 

Distyrene . 

130-36^/4 mm. 

I5I 

i2o-22®/i-2 mm. 

16*3 

Trist)a'ene . 

209-16^/4 mm. 

19*6 

190-91^/1-2 mm. 

23-7 

Low pol)miers 

— 


208-1 2®/2 mm. 

9*2 

Undistillable residue . 

— 


— 

Nil 

Loss .... 

— 


— 

8*6 



lOO'O 


100*0 


* Contained a little benzene. 

In the experiments both with pol3dndenes and polyst)nreaes, it was found 
that the more highly polymerised sample broke down more readily, i.e,, 
at a lower temperature, and more profoundly, i.e., to yield a larger propor- 
tion of the smaller cracked products, than did the less highly polymerised 
sample. This is in accord with what happens in the cracking of simple, 
non-polymeric molecules. The straight-chain paraffins, for example, crack 
more readily, the longer the chain. 


Importance of Terminal Hydrogen Atoms. 


The hypothesis of the mechanism of polymerisation here under dis- 
cussion involves as an essential feature the wandering at each step in the 
process of a hydrogen atom from one molecule to the unsaturated system 
present in the molecule of the monomer or of an earlier polymeric stage. 
In accord with it is the fact that terminal substitution in the butadienoid 
system is unfavourable to polymerisation. Piperylene (i-mctbylbuta- 
diene) polymerises less readily than isoprene (2-mcthylbutadiene).^* Of 
the dimethylbutadienes, the 2 ; 3-compound, in which all the terminal 
hydrogen atoms of butadiene are unsubstituted, polymerises more readily 
and to a product of higher molecular weight than any of the others; 
the I : 4 -compound, in which both terminal hydrogens of butadiene arc 
substituted, polymerises least readily.^® The I : I : 4-trimethyIbutadiene 
has far less capacity for polymerisation than the corresponding i ; 1 : 3* 
compound. The trimethyl compounds polymerise less than correspond- 
ing dimethyl compounds. The 1:1:4: 4-tetramethylbutadiene, in which 
all the terminal hydrogens of butadiene arc substituted, is practically or 
entirely devoid of ability to polymerise, but the 1:2:3: 4-compound 


’ * Reference • ; cf. reference •. 

!! Pyrolysis 0/ Carbon Compounds, C. D. Hurd, New York, 1929. 

and MerezhkovBkii, /. Russ. PMys. Chem. Soc., I 9 M» 4S* «49- 
Whitby and Gallay, Can. J. Res., 1932, 6, 280. 
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shows some capacity for polymerisation, a pentamcr being isolated 
from it.^ 

A similar state of affairs holds for the phenyl-substituted butadienes : 
the greater the amount of substitution, especially in the terminal posi- 
tions, the lower is the tendency to polymerisation.^ 

Carothers has observed similar conditions among the homologues 
and analogues of the highly polymerisable molecule, chloroprene {2- 
chlorobutadiene). Whereas alkyl substitution in the median position 
of the butadienoid system does not seriously affect the polymcrisability 
of chloroprene, terminal substitution reduces it markedly, and, the 
larger the terminal alkyl substituent, the more seriously is the ease of 
polymerisation reduced. Similarly, the introduction of one or two 
additional chlorine atoms into chloroprene, if in the terminal positions, 
greatly reduces the ease of polymerisation. 

Caoutchouc. 

The motive behind much of the study which has in recent years been 
devoted to polymeric materials and to the mechanism of polymerisation 
has been the desire to elucidate the constitution of the important, 
naturally-occurring materials, rubber and cellulose. The w^riter has con- 
sidered the question of the constitution of caoutchouc, the hydrocarbon 
of rubber, from the point of view of the hypothesis, outlined above, that 
the formation of high polymers from unsaturated compounds involves 
a succession of ordinary', chemical additions with w'^andering of hydrogen 
atoms. He has pointed out that there are three possible schemes ac- 
cording to w^hich isoprene molecules might on this hypothesis undergo 
stepwise addition in a regular manner. Each of these leads to the 
formulation of caoutchouc containing, by virtue of the presence 
of a terminal diolefinic system, one double bond more than the number 
of isoprene units involved. The following is one of the schemes in 
question and involves the i ; 4-addition of isoprene molecules in a step- 
wi.se and regular manner 


- CH, . CH : CMe . CH, ~ -f iHl . CH ; CH . CMe : CH, 

. ’ 1 


CH, . CH : CMc . CH, . CH : CH . CMe : CH, 

C,H, CH, . CH : CMe . CH, . CH, . CH : CMe . CH, . CH ; CH . CMe : CH, 

-t- - I )C,H, CH, . CH : CMe , CH, . [CH, . CH : CMe . CHJ. , CH : CH . CMe : CH, 

On ozonolysts such a molecule would yield x molecules of laevulinic 
aldehyde or acid, and one molecule of each of the following : formalde- 
liyde or formic acid, methylglyoxal or pyruvic acid, acetaldehyde or 
acetic acid, accto-acetic acid or aldehyde. It was pointed out that, 
while the woric of Harries had made it clear that, as would be expected 
if X were large in a formula such as the above, the ozonolysis products of 
caoutchouc are preponderantly Isevulinic aldehyde and acid, it might 
be expected that, if such a formula were correct, a careful re-examination 
of the products of ti\e ozonolysis of caoutchouc made with a sufficiently 
large amount of material would disclose the occurrence in small amounts 

Carothers and Coffmann. /. Amer, Ch^m. Soc,, 1932. 54, 4071 ; Berchet and 
Carothers, idem., 1933, 55* 2004; Jacobson and Carothers, id«m., 1933, 55# 1624 ; 
Carothers, Ind En^. Chm., I934* 30. 

Whitby, Trans, Instn, Rublutr Indusiry, 1929, 5, Pt. i. 
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of other ozonolysis products. This expectation appears now to have been 
realised. Pummerer^® has recently recognised among the products of 
the ozonolysis of caoutchouc, not only laevulinic adlehyde, but also 
methylglyoxal (to the extent of i per cent.), formaldehyde and acetal- 
dehyde. It is true that Pummerer is still uncertain whether the methyl 
glyoxal which he identified has a secondary derivation, but so far as this 
new study of the ozonolysis of caoutchouc has gone, it clearly adds 
strength to the probability that caoutchouc is constituted in the manner 
formulated by the w riter on the basis of the hypothesis of the mechanism 
of polymerisation here under discussion. ^ 

Staudinger*8 Views. 

It is interesting to note that Staudinger, who has carried out extensive 
investigations on the subject of polymerisation, after exploring other 
modes of formulation for polymers, appears in some of his more recent 
writings to be disposed to consider that the molecules of long-chain 
polymers contain a terminal double bond. Staudinger originally held 
the view that free valencies existed at the ends of the molecule of long- 
chain polymers, but did not make themselves evident in the possession 
of unsaturation by the molecule because of the large size of the latter. 
He supposed, for example, that caoutchouc had the formula — 

CHjCH : CMe . CH, . [CH*CH : CMe . CH,], . CH, . CH : CMe . CH^-. 

Later he abandoned the idea that trivalent carbon occurs at the ends of 
long-chain polymeric molecules.*^ 

In the case of the long-chain polyoxymethylcnes prepared by the 
action of various reagents on formaldehyde “ foreign ** groups were 
found by Staundinger at the ends of the chains, and he has sought 
without success to identify such in long-chain polymeric hydrocarbons. 
And in his latest paper on polystyrenes ® he has recognised these materials 
as unsaturated and appears inclined to consider that a terminal double 
bond is present in their molecules. He supposes that after polymeric 
chains with free end valencies have built themselves up by a chain re- 
action betw^een monomeric molecules, wandering of hydrogen from one 
chain to another occurs wnth the consequent formation of a double bond, 
as follows : 

. . CHPh.CH,.CHPh.CH,.ClHjpb.CH,----f --.CHPh.CH,.CHPh.CH,.- 

l t 

•H. - - . CHPh . CH, . CHPh . CH, . CFh : CH, -f CH,Pb . CH, . CHPh , CH, - - 


Ck>l]oidal and Elastic Properties of Polystyrene. 

Of the various artificial polymers known to exhibit clastic properties, 
polystyrene, which was first observed by the author to show elastic 
properties under appropriate conditions,** perhaps most deserves being 
described, as Staudinger has described it, as a “ model of caoutchouc.” 

Pummerer, Kaulschuk, 1934, *49 

Staudinger. Betichte, 1U20, 53, 1082. 

Z Fritschi. Helv. Chim. Acta, 1922. 5, 787. 

213 C/ organischen Verbindungen, H. Staudinger, Berlin, 1933 - 

Colloid Symposium Monograph, 1920. 4^ 203. 
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A study of the colloidal and elastic properties of the two materials 
discloses many analogies between them. Polystyrene and rubber act 
similarly in regard to their behaviour to organic liquids , in regard to the 
nature of the liquids in which they swell and ultimately disperse, and in 
regard to the relative ease with which they are precipitated from their 
sols by, for example, the homologous series of aliphatic alcohols. Sols of 
polystyrene and of rubber are also similar in that the relative viscosity 
is not affected by change of temperature, and in that it is reduced by 
heating, mechanical agitation and exposure to ultra-violet light. 

Although hard and inelastic at room temperature, polystyrene of high 
molecular weight shows at an elevated temperature (e.g., 70®), elasti- 
properties similar to those of rubber in regard to extensibility, retractic 
bility, elastic after-effect, set, etc. 

The most significant observation is perhaps that the colloidal and 
elastic properties are quantitatively influenced by the molecular weight. 
Polystyrene of very high molecular weight (prepared by the spontaneous 
polymerisation of styrene) is similar to raw rubber in the ease with which 
it retracts after being extended. Polystyrene of relatively low' molecular 
weight (prepared by the Heat polymerisation of styrene) shows very much 
poorer elastic properties ; while ver>' readily extensible, its ability to 
retract is poor. Thus, for example, a sample of molecular w'eight about 
20t)0, w^hen extended 800 per cent, and then released retracted to 600 per 
rent. only. 

The solubility is also influenced by the degree of polymerisation. 
For example, polystyrene of very high molecular weight is unaffected 
l»y ether, acetone and ethyl oxalate, whereas polystyrene of relatively low 
molecular weight rapidly disperses in them. 

National Research Council^ 

Ottawa^ Canada. 

** Whitby and -McNally. I ' npublishcd Experiments. 


THE INSOLUBLE POLYSTYRENE* 

Bv Professor L>k. H. Stai’dinger, Director of the Chemical /^oratories , 
Unwersity of Fretbarg {Breisgaujy in collaboration with 
Dr. \V. Heckr and Dr. li . Husemann. 

Communication No. I2i in the series Uber hochpolymere Verbindunfien*' 

Received 4 lh July, 1935, in German and translated by 
Dr. 1. J. Rabinovitch. 

The following interesting observation has been made by colloid 
chemists : Certain lyophilic colloids, although apparently of equal 
composition, show a very different capacity of swelling and dissolution.^ 
Some of them swell to an unlimited extent, lose their form and finally 
dissolve completely. Other colloids, apparently cliemically identical 
with the first, swell only up to a certain limit. Treated with the same 

^ the monographs by J. R. Katx, in Kolhidchem. JHeike., 1917. ; 

and Er£ 0 bfm,ie 4 c r exakUn KaiurwissenschafUn, 1914-25. 
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solvents as those of the first kind, they retain their form and remain 
undissolved even after a long treatment with large quantities of the 
solvent. At the same time, their capacity of swelling may be very ex- 
tensive ; the volume of the substance being increased by swelling to 
about 50 or lOO times its initial value. 

Many natural products with a highly polymeric structure have modi- 
fications of these two kinds. We may mention for instance the two 
modifications of indiarubber. Besides the ordinary, soluble and un- 
limitedly swelling product, there exists an insoluble modification with 
a limited swelling capacity.* The two are known as a- and jS-caoutchouc,* 
They cannot be distinguished by chemical analysis. In the case of 
some proteins, too, insoluble forms, with a limited swelling-capacity 
are known in addition to other modifications — hardly distinguishable 
from the first by chemical analysis, but soluble and swelling without 
limit. If such important differences of physical properties occur with sub- 
stances of relatively low molecular weight, they can usually be traced 
back to variations in the chemical structure. In the case of the colloids 
in question, no differences of chemical constitution could at first be 
detected, and their different behaviour has therefore been described as 
a “colloidal phenomenon.** The explanation of the solubility of the one 
and the insolubility of the other modification was sought in their 
different micellar structure rather than in a different molecular con- 
stitution, as in the case of low^ molecular substances. 

The investigations of highly-polymeric synthetic substances revealed, 
however, that this point of view* cannot be correct. Even in the case 
of colloids, the variations of the physical behaviour are due to chemical 
differences in the molecular structure. The “ macro-molecules *’ of the 
soluble colloid with their unlimited swelling capacity, are different from 
those of the insoluble colloid of similar composition. The proof given 
is based, firstly, on experiments with synthetic polystyrenes, A soluble 
modification of this highly polymeric substance was prepared, in addi- 
tion to an insoluble one.* Both are products of eucolloidal nature 
— tough, vitreous substances, which appear to be identical. They 
both swell with organic solvents — ^benzene, carbon tetrachloride, carbon 
disulphide. But whereas the molecules of the first modification are 
removed from the surface by the action of the solvent — dissolution 
occurring simultaneously with swelling, the second substance does not 
dissolve during the swelling and retains therefore its original fonn, as 
shown in Plate I, 2. Chemical analysis reveals no difference between the 
two products, despite their different behaviour to solvents. The two 
substances are, however, different in their chemical constitution (and 
not, as might be supposed, in their micellar structure). But this differ- 
ence can hardly be detected by analysis. The difference is revealed by 
the methods of producing the two modifications synthetically. 

The polymerisation of pure styrene • leads to the ** pol>'styrencs,’* 
possessing long thread-shaped molecules. The actual length of the 

* C. O. Weber and Vs\ A. Caspari. Bet, Dt, Chem. Gts., 1909, 779 ; W. A. 

Caspari. J. Soc, Chem. Ind,, 1913. 32, 104X ; Fcuchter. Kolloidckem. Beihefte, 
1925. 30 , 434. 

* P. Bary and E. A. Hauser, Kautschuh, 1928, p. 97. 

* H. Staudinger and E. Husemann. Ber, Chem. Ges., 1933, i6iB ; H. 

Staudinger and W. Heuer, Ber, Dt, Chem, Ges., 1934. **64. 

* See H. Staudinger, Die hochmoUkularen orgamschen Verbindungen, Kantt* 
schuk and Cellulose, Verlag J. Springer. Berlin, 193a, the paper with W. Heaer, 
p. 157 * 
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threads depends on the conditions of polymerisation : Slow polymerisa- 
tion at low temperatures gives eucolloidal polystyrenes ; their order of 
polymerisation is not less than 1000 to 50CX). Rapid polymerisation 
with the help of catalysts (for instance, tin tetrachloride) gives hemi- 
colloidal powders, with a degree of polymerisation of not more than 
50 or 100. All these products are soluble in organic solvents. The 
hemicolloids dissolve without swelling, the eucolloidal products swell 
strongly during the dissolution. 

If a small quantity of para-divinylbenzene is added to the styrene 
before polymerisation, and the latter carried out at about 60-106® C., 
a mixed polymeric product of styrene and divinylbenzene is obtained. 
Its outer appearance is the same as that of the pure polystyrene prepared 
under the same conditions : ‘ it is a tough, hard glass. But its solu- 
bility is quite different : the “ mixed ** product is insoluble in organic 
solvents, although it can be swollen by them to a very high degree. 
The addition of divinylbenzene has thus transformed the soluble poly- 
styrene, with its unlimited swelling capacity, into an insoluble product 
with a restricted capacity of swelling. 

The explanation must be sought in the formation of a kind of divinyl 
benzene ** bridges ” linking together the thread -molecules of the poly- 
styrene, as illustrated by the following formula • : 


QH, I I C.H, M C, 

._Jh— CH,-CH -CH, -I Jh -CH, j. -iH— CH,-^— CH,— l 


C.H, 

!h— CH,— . 



As shown by this formula, the mixed " polymeric substance is 
composed of macro-molecules extending in all three dimensions, and 
not of simple thrcad-molcculcs, as was the case with the “ pure ” 
polystyrene. 

The quantity of divinylbenzene which is required to obtain the in- 
soluble product instead of the soluble one, is exceedingly small. One 
molecule of divinylbenzene is enough for 10,000-50,000 molecules of the 
monomeric styrene {depending on the conditions of polymerisation). This 
corresponds to an addition of about o*oi-o-ooa per cent, of divinylbenzene 
— a change of composition which cannot be discovered by ordinary 

• H. Staudinger and W. Heuer, Ber„ Dt, Chem. 1934. 67^ 1166. 
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chemical analysis. It is not surprising, therefore, that the two poly- 
styrenes appear to be identical when studied analytically. It is only 
by their synthesis that light is thrown on the differences in the structures 
of the two modifications. 

The smallness of the quantity of divinylbenzene sufficient to cause 
such an important change in the physical properties of the polystyrenes 
is due to the fact that the soluble polystyrene is composed of very long 
chain-molecules. It is sufficient to establish some few links between 
adjoining macro-molecules in order to make a dissolution of the sub- 
stance impossible. The swelling-capacity remains, because the mole- 
cules retain their tendency to form solvates ; but even after solvation 
they cannot leave the bulk of the substance, because they are linked 
together by the “ bridges ** formed by divinylbenzene. 


Mixed Polymeric Products with Different Concentrations of 

Divinylbenzene . 

After having elucidated the cause of the formation of insoluble 
polystyrene, we proceeded to the preparation of polystyrenes contain- 
ing different proportions of d i vinyl- 
benzene, in order to investigate the 
influence of the number of link.«; 
between the molecular chains on 
the swelling-capacity of the pro- 
duct. In accordance with our 
anticipations, we found, as a 
general rule, a decrease in swelling 
capacity with increased concentra- 
tion of divinylbenzene. This is 
illustrated by Table I. and Fig. I. 

If the concentration of divinyl- 
benzene is higher, products are 
obtained which hardly show any 
swelling at all. Pure para-divinyl- 
benzene gives when polymerised at 
60-100° C. a product which out- 
wardly resembles the polystyrenes obtained under the same conditions. 
Like eucolloidal polystyrenes, these poly-divinylbenzenes are vitreous 
substances ; but they differ from polystyrenes in that they have no 
swelling capacity whatsoever. The poly-divinylbenzenes are ver>" brittle 
and can easily be powdered. This difference of mechanical properties is 
explained by the building up of poly-divinylbenzenes from three- 
dimensional molecules, instead of the thread-shaped molecules of the 
polystyrenes. The structure can be symbolised as follow^s ; ^ 



Fig. I. 


CH— CH,— CH— CH.-CH-CH,--. . 


. CH— CH,— . . 

’ H, Staudinger and W. Heuer, Ber. Dt. Ckem. Ges., 1934. d7, 1 167. 
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TABLE I.— Swelling or Mixed Polymeric Products obtained from 
Styrene with variable amounts of Divinylbenzene. Solvent : Benzene. 


I. 

Duration and Temperature 
of Polymeriaation. 

2. 

Number of 
MoU. of Styrene 
Per Mol. of 
Divinylbenzene. 1 

1 

3 - 1 

Per Cent, of , 
Soluble Poly- 
styrene Extracted, 
from the Product.! 

4 - 

Number of Mob. 

Benzene 
Absorbed by x 
Mol. of StjTene.* 

5. 

Increase of 
Volume 

Vt - 1 /| 

by SweUinf . 

2 man tils, do" C. 

10.000 

[ 

9*0 

7*6 


1 20,000 

10 

13*3 i 

ir*2 


30,000 

ly 

i8-D 1 



40,000 


22*6 

19*1 

14 (lays, 80' C. 

1 10.000 

10 

144 

12*2 


20,000 j 

27 

3 * 

2 b -2 


30,000 

40 

59*5 

50-4 


40,000 

; 50 

92 

78*0 

1 

30,000 

I 65 

213 

i8i*o 

3 days, 100" C. | 

1,000 

1 - I 

1 1 

10*0 

8-5 

i 

10,000 


18-5 

157 


20,000 j 


1 58 

48-^ 


30,000 

1 ^4 : 

j i 

j 2 tfO 

220 


• Aftt'r cieducting the amount of stv'iene extracted by the solvent. 


This is another proof of the close connection between the mechanical 
.stability of the poI>"styrenes (and similar polymeric products) and the 
long thread-form of their molecules. 

The polymeric products with limited swelling capacity are connected 
to the pure polystyrenes by a whole series of intermediary forms. When 
the proportion of divinylbenzene becomes veiy small, the mixed poly- 
meric substances show a verv* high swelling capacity and contain at 
certain amount of soluble polystyrenes, which can be extracted by the 
solvent without changing the form of the remaining body. A com- 
parison between columns 3 and 5 of Table 1 . shows that the swelling 
becomes higher with an increased proportion of soluble matter in the 
insoluble product. 

At still lower concentrations of divinylbenzene, the polymerised pro- 
duct no more retains its form in swelling. The Unking of the pol>’styreae- 
macro-molcculcs by divinylbenzene bridges becomes too w^eak to hold 
^he substance together. If the concentration of divinylbenzene is de- 
(reased still further, the whole substance becomes soluble. But even 
after dissolution, the polystyrene-molecules remain linked to groups by 
divinylbenzene-links ; the average length of the dissolved molecules is 
therefore than in solutions of pure polystyrenes and the viscosity of 

the solution therefore higher. A polystyrene obtained by polymerisation 
of pure styrene at lOO® C. has for instance a viscosity yj^jc =21^5. With 
a divinylbenzene concentration of 0*0025 per cent., the product obtained 
under the same conditions is still soluble, but its solution has a much 
higher viscosity : ffgjc — 41 *6, This indicates clearly that the molecules 
of the “ mixed ** polymer are larger than those of the pure polystyrene. 
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Mixed Polymeric Products with Polystyrene -Chains of 
Different Length. 

We further investigated the connection between the length of the 
polystyrene-chains and the amount of divinylbenzene required for ob- 
taining an insoluble product. We first polymerised pure styrene under 
different conditions and determined the length of the polystyrene- macro- 
molecules obtained in different cases. We then polymerised mixtures of 
styrene and divinylbenzene under the same conditions and determined 
the smallest amount of divinylbenzene which gave a polymeric product 
with limited swelling capacity, capable of retaining its form after 
swelling. Under the conditions in which hemicolloidal polystyrenes 
were formed, the amounts of divinylbenzene necessary for the polymers 
to become insoluble were much larger than in the case of eucolloidal 
products, with their longer chain-molecules. Table 11. shows how widely 
different are the proportions of divinylbenzene under different conditions.® 

TABLE II. — Minimum amounts of Divinylbenzene required for the 

PRODUCTION OF A POLYMER WITH LIMITED SWELLING CAPACITY, WITH 

DIFFERENT LENGTHS OF PoLYSTYRENE-ChAINS. 


1. 

Pure Polystyreae. 

1 

a. 

Conditions of Polymerisation. 

1 3. 

i 

j 

i ^f/^' 

t 

j 

1 

1 4 * 

t.2'0 « 

iri 

3. 

h 

u ! 

i 

. 1 

ilil 

* i 

7. 

So i 

111 

f 

Hemicolloid 

20 per cent, stvrene-solu- 



1 

1 




tiou in benzene -f 0*4 per 



1 




cent. SnCl^, at 0® 

0*54 

.30 

75 

2 

55 


1 Pure styrole -f 0*4 |)cr 



1 




cent. SnCl*, at 0® 


70 

175 

0 

»7 

Mesocolloid 

Pure styrene at 200® j 

4*3 

240 

f>oo 

1. 000 j 

0*1 


Pure styrene at 150® | 

8-9 

510 

^.275 

7*500 

0-012 


Pure styrene at 120® 

151 

840 

1 2.100 

15,000 j 

0*006 

Eucofloid 

Pure styrene at 100® 

21 '5 

1,200 

3,000 

I 

1 30,000 ! 

0-003 


Pure styrene at 80® 

30-6 

1.700 

4*250 

50,000 ! 

0-002 


Table IL shows that no direct proportionalUy exists between the 
amount of divinylbenzene required for making the product insoluble 
and the chain-length of the polystyrene. This amount is relatively 
much higher for hemicolloidal pr^ucts than for eucolloidal polymers. 
It is therefore impossible to calculate the length of the polystyrene- 
chains from the amount of divinylbenzene which makes them insoluble 
(we hoped first to find in this way a possibility of determining chemically 
the chain-length of the polystyrenes). Only as a general conclusion can 
be drawn from these investigations the fact that the polystyrene -chains 
are very long, since such a small amount of divinylbenzene is sufficient 
to link them together. The experiments show further, that in the 
eucolloidal polymers with limited swelling capacity not the whole of the 
polystyrene molecules arc linked together by divinylbenzene-bridges, but 

•H. Staudinger and E. Huserinann, Ber., 1933. 68 , 1O18. 
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only a part of them. These substances must represent closely inter- 
woven mixtures of three-dimensional macro-molecules of the “ mixed ** 
polymer with the thread -molecules of the pure polystyrene. 

Swelling in Different Solvents. 

In a previous paper • we have shown that the solubility of the poly- 
styrenes is very different for different solvents. There exist a number 
of solvents, e.g.^ benzene, carbon disulphide, carbon tetrachloride and 
tetralin, which dissolve polystyrenes very readily. These are solvents 
with a tendency to form solvates with the aromatic radicals of the 
polystyrene mole- 
cules as well as with 
their aliphatic chains. 

Other solvents, as for 
instance butyl - ace- 
tate or niethyl-ethyl- 
ketonc do not form 
solvates with the 
aliphatic chains. 

(Vrlohexane and de- 
(‘aline, on the other 
IkuuI, show iifhnily to 
the aliphatic chain^ 
only, and do not form rmiicf stynk pirmti. of 

solvates with organic Fig. 2 . 

radio. ils. In .solvents 

of this kind, which only partially solvate the polystyrenes, these substances 
.ire >olublc to a much lesser degree than in the first mentioned solvents. 
We have investigated the swelling of the polystyrenes with limited swelling 
capacity in all these solvents. We found a much stronger swelling in 
“ good ” solvents ; the swelling was nearly independent of the nature of 
the solvent, provided (hat it bt?longed to this group. In solvents of the 
>econd kind, the swelling was much weaker, especially in cyclohexane, 
which forms solvates with aliphatic chains only. In comparing the 
sweiling of different fiolysiyrene preparations with variable concentra- 
tions of divinylbenzene, in different solvents, we found that all of them 
behaved in the same way. This is shown by Table III. and Fig. 2. 



TABLE III.— Increask in VotvmE b.y swelling of " Mlxed 

Polymers of Variaule (‘omposiiion in different Solvents. 



• H. Staudiuger and W. Heuer, Zeit, physikal Cheinie.^ 1934, 171 A» 129, 

U • 
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We also showed in a previous paper that the specific viscosity of a 
polystyrene in “ good solvents is independent of the nature of the 
solvent. In bad ** solvents we found values of •q^pjc which were 
generally much smaller. The numbers are given in Table IV. for two 
different polystyrenes. 

TABLE IV. — rj^pjc Values for two Polystyrenes in different Solvents 
(c = 0-02 mols. per litre = o*2 per cent.) 


Polystyrene. 
Mol’. Weight. 

eSf 

C.Hg. 

1 

CClg. 1 

i 

1 

1 1 

1 Tetralin. 

Butyl- 

acetate. 

1 

1 Methyl 

1 ethyl 
: ketone. 

1 1 

Decaline. ] 

Cyclo- 

hesiiiie. 

60.000 

91 

10*9 

9*3 

j 

1 1 

1 

5*1 

1 

I-S 

140,000 


279 

25*4 

20-5 

I 4’9 j 

1 9*4 

1 1 

1 9 '^ 

insoluble 


A comparison between Tables III. and IV. shows that the viscosity 
of polystyrenes in solution is closely connected with their swelling capacity. 
The explanation is that swelling capacity, solubility and viscosity all 
ultimately depend on the strength of solvation of the molecules of poly- 
styrene by the corresponding solvent. 

Soluble and Insoluble Caoutchouc ; Synthetic Caoutchouc. 

It is well known that the ordinaiy', soluble and unlimitedly swelling 
caoutchouc, when stocked for a long time, is transfonned into an 
insoluble caoutchouc with limited swelling capacity. It can be made 
soluble again by mastication. It was therefore supposed tiiat the 
transformation of the soluble caoutchouc into the insoluble one was a 
reversible process.^® Subsequent investigations revealed, however, that 
this transformation of the “ a-caoutchouc ** into the “ j8-caoutchouc *’ 
occurs only in presence of oxygen and the long chain -molecules of the 
a-form are converted into three-dimensional molecules of the ^-form 
by oxygen-links between the chains. By masticating the insoluble 
caoutchouc, the three-dimensional molecules are broken-up ; at the 
same time, the chains are shortened by oxidation. The “ regenerated ” 
soluble caoutchouc is therefore a highly degraded product ; the order 
of polymerisation of its molecules is not greater than 300-500, as against 
1000-2000 of the original product. The transformation of the soluble 
caoutchouc into the jS-m edification is thus not a reversible colloidal 
process, but an irreversible change in the chemical structure of the macro- 
molecules. 

The polymerisation of butadiene leads sometimes to soluble, some- 
times to insoluble products. The soluble synthetic caoutchouc is 
composed of single thread-shaped molecules. Our experience wdth 
polystyrenes led us to assume that the insoluble synthetic product is 
distinguished from the soluble one by the existence of links betw^een the 
single threads. The more complicated molecular structure of the syn- 
thetic isoprene caoutchouc as compared with the natural product has 

P. Bary and E. A. Hauser^ KaiUschuk, 1928. 97. 

Staudinger and H. F. Bondy, Liebigs- A nnalen, 1934, 4S8, 153; H. 
Staudinger and E. O. Leupold : Dte hockmoUkiUat'en organ\sch*H VetitnatmgeH^ 
KatUschuh und Cellulose, p. 443. 

** H. Staudinger and W. Heuer. Ber. Dl. Chem, Ges., 1934, 1159. 
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been established previously be experiments of degradation with ozone. 
The butadiene-caoutchouc certainly has a very irregular structure, be- 
cause its ozonisation yields only a very small quantity of succinic acid 
(which could be expected to be formed in great quantities if the structure 
were regular). Furthermore, the catalytic reduction of this kind ot 
synthetic rubber leads to easily soluble high-molecular paraffins. Since 
high molecular normal paraffins are insoluble or only slightly sohible, 
these reduction-products must have molecules with side-chains.^^ This 
points to the existence of branched chains in the polymeric butadiene 
itself. We may suggest the following diagrammatic formula of this 
synthetic product : 

CHr^CH* 

I 

, . CH. CH,- CH— —CH,— . . 

j 

. . , ( It,— ( H.. CH - CH, CH, ~ C H- ; - CH,— CH— j- . . . 

( H CH, CH,— Cn . CH - CH, CH— CH, . . . 

1 

. . . CH— CH,- -CH Clt, - Cti, -( }[„ CH— CH,— CHj— CH . . . 

I I 

CH^CH^ CH -CH, 

Thus, in the case of caoutchouc, also the chtference between the modihea- 
lion wdth limited and the one with unlimited swelling capacity is based 
also on different molecular structures. 

Biological Significance of these Experiments. 

The above-described experiments permit the general conclusion 
that colloids with limited .swelling capacity art composed of long thread- 
molecules, linked together by some kind of *' bridges ” to threc-dimen- 
-iunal molecules. The longer the threads and the smaller the number 
oi links the higher the swelling capacity of the molecular colloid. The 
number of atoms in the links is exceedingly small as compared with 
their number in the chains ; despite this small proportion, the existence 
of the links changes completely the physical properties of the colloid, 
<‘specially in regard to its solubility. The only substances liable to 
ciiangc their physical properties (and sometimes their chemical be- 
haviour as well) by such minute change.s in their structure are those 
of extremely high molecular weiglu.** All changes in the properties of 
organic substiuices are based on changes in their molecules. If a 
substance has molecules of a .^mall molecular weight, every atom or 
group added to it will appreciably change its composition, and the 
addition can be detected by ordinary chemical analysis. The position 
becomes different, where highly-polymcric molecules are concerned. A 
very slight change in tlie structure of the macro-molecule.s can lead 
to a very important change in properties, as wc have seen in the ca^e.s 
discussed above. The corresponding changes in the composition of the 

*^The inffuence of side-chains on solubility is discussed by H. Staudinger 
and E. O, Leupold, Helv. ckim, acta, 1931, ts» 224. 

** H. Staudinger and W, Heuer, Ber, Dt. Ch$m, Ges,, 1934* ^* 7 *’ 

** Compare for instance the completely different behaviour of a- and y- 
polyoxymethyienes, H. Staudinger and collaborators, Liebigfi Annalen. 1929, 
^4* 139 ; aind H. Staudinger, DU Bed^uhtng dor Er/orschung hochpolymsttr 
Biologie, in Zangger- F$sUchrift, Ka^er, Ztihch, 1934. 



332 


THE INSOLUBLE POLYSTYRENE 


macro-molecule may be so small tliat they escape detection by analytical 
methods. Only a happy chance permits us to recognise the existing 
differences in structure of the macro-molecules as in the case of poly- 
styrole, where we are able to prepare the corresponding polymeric 
substances synthetically. 

Many substances of great biological importance are of highly-polymeric 
structure— proteins being the most important example. We may 
expect that in these cases, too, a minute change of composition may lead 
to important changes in physical properties. A slight change in the 
composition, hardly detectable analytically, may, for instance, convert 
a soluble protein into an insoluble one. The experiments on polystyrenes, 
which form the main subject of this paper, may therefore acquire some 
biological interest, as analogies to biologically important reactions. 


GENERAL DISCUSSION. 


Mr. N. J. L. Megson (Teddington) said : The effect of small quantities 
of di vinyl benzene in bringing a^ut insolubility of pt^lyTstyrene, reported 
by Professor Staudinger. recalls the hardening of soluble '* Novolak resins 
by small prop>ortions of formaldehyde. This hardening may be attributed 
to cross-linking of phenol-methylene chains by methylene groups (involving 
in this case, elimination of water). Before final insolubility and infusi- 
bility are attained, the resin passes through the so-called B stage, 
when the material swells in acetone, but is insoluble. 

Dr. E, Bergmann (Rehoboth) said : The paper mentions that the un- 
saturated di-indene is converted by heating into a saturated i.somcr. 
Now, the usual reaction of unsaturated dimers, e.g. in the case of dimeric 
a-methyl-styrene 


/\- 


\ 


CH, 


V'' CH 

c 

C.H, 


CH. 


CH, 

A — <■( 

! I 1 

\/\ CH, 

\/ 

C 

/\ 

C.Hj CH, 


is impossible in the case of di-indene ou stereochemical grounds, the 
expected substance 




hardly being stable. Is not the so-called saturated dimer identical with 
truxene ? The question seems a plain organic one, but the above cydisa- 
tion reaction may be of importance, since it provides one of the possible 
chain-breaking mechanisms. 

Professor H. I. Waterman {Delft) said : Speaking also in the name of 
J. C. Vlugter, we direct attention to Table V. of G. §* Whitby's paper, in 
which a number of atoms of bromine added after a period of one day is 
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1*10, after three days 1*82, and after four days 2-00. We do not agree 
with the conclusion that “ had a longer period of absorption than twenty- 
four hours in analogous experiments been given the bromine addition of 
all samples would have been equivalent to two atoms per mole/’ 

Our experience is that the bromine addition values generally do not 
give good results for polymerised unsaturated hydrocarbons of higher 
molecular weight. In this connection, we ask the opinion of Professor 
Staudinger because it was a paper of Staudinger and Steinhofer which was 
cited in Whitby's work. 

Staudinger found that the addition of very small quantities of divinyl 
benzene caused the formation of insoluble styrene polymers. We think 
that this is a very important experiment which may find application in 
industrial work. On the other hand, this and analogous experiments 
prove that the viscosity of such systems of styrene pxjlymers will depend 
very much on the presence of impurity, even though only traces of im- 
purities are present. 

Professor H. Staudini^er (Freiburg i. Hr.) said : Mr. Whitby states 
that the polystyrenes contain double bonds at the end of the molecule, 
the number of which can be determined by bromine titration. In this way 
he claims to be able to estimate the molecular weight of polystyrene by an 
end group determination. Mr. Waterman has asked me whether or not 
corresponding observations have been made at the Freiburg laboratories, 
since Mr. W^hitby quotes the work of A. Steinhofer as a proof for his 
point of view. Dr. Waterman is of the opinion that in the case of high mole- 
cular unsaturated compounds the addition of bromine proct^eds only very 
slowdy, and the amount of added bromine cannot be determined accurately 
enough. The observations of A. Steinhofer and of M. Brunner agree 
absolutely with this conception. With increasing time of reaction the 
bromine addition increases more and nu»re, and a marked end point of the 
reaction, particularly in the case of higher molecular weight compejunds, 
cannot be noticed. However, one can determine the amount of bromine 
w'hich Ls taken up by .substitution through the determination of the amount 
r)f eliminated hydrogen bromide. Kven in the case of hemicolloidal poly- 
styrenes the miilecular weights from the bromine titration method do not 
agree with the values obtained by the cryoscopical and viscosimetrical 
methods. In other words, it i.s not possible to decide definitely whether 
or not the hemioilloidal polystyrenes lH*ar a double bond at the end of the 
thread molecule, and take up one bromine molecule per double bond. 

Profeasor K. H. Meyer (Cienhfe) said : If I*rofessor Staudinger sa>^ 
that the variation of the solubility of natural substances of apparently 
identical chemical composition is to l>e generally explained by their dificrent 
micellar structure rather than by a different molecular constitution, be 
wrill remember that we advanced the explanation by cross linkings, as 
early as 1928 and 1929.'* We discussed in a general way the effect of cross 
Unkings on the physical IndiaN iour, of both synthetic and natural material, 
'the theory now generally atlopted, that the physical effect of vulcanisation 
is due to the chemical (Vrw/jrung (formation of a three-dimensional net- 
work) was a result of these considerations.* 

Ver>' often natural products are rendered stduble by some chemical 
treatment or by boiling (c.g., collagen-gelatin). The nature of the chemical 
cross Unkings cannot be established by anai3r5ing and comparing the 
soluble and the insoluble product, as Staudinger emphasises, in \'iew of 
the minute quantities of these bindings. But their nature can lx? revealed 
by kinetic investigations. The temperature coefficient of the reaction 
(i.e., the transformation of the insoluble into the soluble product) and the 

*• H. Staudinger and A. Steinhofer, LUbigs Annaltn, 1935, 517, 42. 

** M. Brunner, PisseHation, Zurich, 1926. 

*• Bar,, 1928, 61, 1947: Bhch, 1929, ao8, 23. Meyer-Mark, Aufbau der 
1930. 74 and 227 ; c/. also Sheppard and Houck, /. physical 
chamulry, 1930. 34* 273. 
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influence of added chemicals can elucidate the nature of the reaction and 
of the bridge, which is split up (e,g.. the bucking of cellulose, the trans- 
formation of collagen into gelatin, of insoluble into soluble starch). 

Not only chemical homeopolar bridges, but also bridges of dipole-forces 
or other weaker forces, may be the cause of the phenomenon of limited 
swelling. If, for instance, some OH or C =0 groups are attached to a 
high molecular hydrocarbon soluble in benzene, they combine with other 
similar groups of other macromolecules to form quadrupoles, and these 
cross linkings are not split up by apolar solvents. The following is a very 
characteristic example : Natural rubber is imperfectly soluble in benzene. 
The insoluble part (so-called gelcautchouc is rendered soluble in the 
cold by addition of some butyl alcohol, u fact well known in the rubber 
industry. The explanation is, that the quadrupole linkings which are due 
to the presence of very few oxygen or nitrogen atoms in the molecule and 
which form the network, are solvated and split up by the polar solvent. 

Dr. F. C. Wood (Manchester) said : The effect descril^d with polystyrene 
and a small quantity of divinyl benzene has an exact parallel in cellulose 
chenijstry where a small quantity of fonnaldehyde fixed to regenerated 
cellulose (as methylene ether) converts a swellable fibre, soluble in cupram- 
monium hydroxide, into a non -swellable fibre insoluble in this solvent. 

I'he explanation of this w’as suggested to me many years ago by Mr. 
H. J. P. Venn, and the same explanation >vas published by Meunier and 
Guyot in 1929 on similar lines to those now^ used by lYofessor Staudmger. 

Professor H. Staudinger (Freiburg i Br.) said : I am obliged for the 
mention of further examples of limited swelling colloids, which, it is justifi- 
able to assume, are built up of thread molecules linked by chemical cross 
linkages so as to form three-dimensional macromolecuies. The case of the 
insoluble polystyrenes described in my paper differs from the above men- 
tioned in that, in the polystyrenes, a controllable preparation of a hmited- 
sw'elJing colloid is possible and in that it is further possible to examine the 
differences in the properties of such limited-swelling colloids, firstly, as a 
function of the chain length of the macromolecuies and, secondly, of the 
numl)er of cross linkages. Thus it was pof^ibie to obtain an accurate 
insight into the structure of the limited swelling colloids. 

In this case ver}^ small amounts of divinyl benzene can link the iiitear 
macromolecuies so as to form still larger insoluble molecules. Therefore 
Mr. Waterman is justified in asking whether reliable conclusions about 
the length of the molecules can be drawn from the viscosity measure- 
ments, since indeed traces of impurities can bring about such a linking 
of the chain molecules. In answer to this 1 would like to point out, as 
has been done,*^ that a determination of the l^gtb of the molecules is 
possible by the viscosity measurements ; that is, we determine a magnitude 
which IS important for the characterisatkin of the physical properties of 
the substance. However, by this method we cannot ascertain whether 
stngie chain molecules or molecules of a more complicated structure, 
e.g. branched molecules, are present. In order to solve this question w^e 
must investigate whether the molecular weight obtained from viscosity 
measurements agrees with the values obtained by the osmotic method, 
because such an agreement will be observed only in the case where un- 
branched thread molecules are present. 

Professor Meyer mentions that insoluble rubber rubber in which 
the thread molecules are linked to each other by oxygen cross linkages, 
thus forming three-dimensional macromolecuies) can be dissolved by merely 
treating it with butyl alcohol, but it should be ascertained whether the 
solvent w^as completely free from oxygen, for very small amounts of oxygen 
are sufficient to break down the thread molecules. This di^ri^tive 
effect of oxygen could render insoluble rubber soluble, since the three- 

Compare H. Standinger. if. Chem., 1929, 42, 72. 

^ Thts vol., paper o. 
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dimensional macromolecules are changed back into thread molecules.*^ 
Of course, linkage of thread molecules may be effected not only by primary 
bonds but also by molecular attraction forces. Three-dimensional co- 
ordinative macromolecules of such a structure are, of course, much more 
unstable than three-dimensional normal macromolecules. 

In regard to the swelling of high molecular weight products we must 
discriminate between the swelling of organised substances natural 
cotton hbres) and that of substances prepared from those. The swelling 
of the natural cotton fibre and other natural fibres ca n proceed differently 
from that of the high molecular weight cellulose prepared from these fibres.** 
The reason for this is that the naturally grown substance an internal 
structure difierent from that of the material obtained from it by further 
chemical treatment. But if one wishes to understand the swelling of 
organised substances of natural cotton fibres) phenomenon must 
be first elucidated with the substance of these fibres, the cellulose itself. 

Professor G* S* Whitby [Ottawa), in reply, said : In discussing the occur- 
rence of unsaturation in chain polymers and its extent, my concern was not 
exactly, as the remarks oi l^ofessors VVatermann and Staudinger suggest, to 
deduce the molecular weight from the degree of unsaturation, but, rather, as- 
suming the molecular weight to l>e reliably known by cryoscopy, to deduce 
the extent of uiisaturation |xt mole. I agree that the measurement of the 
brc»mine additive capacity of highly jxilymerised hydrocarbon molecules 
IS, txcause of experimental difiicultki, by no means as exact or conclusive 
a method of determining the extent of unsaturation as could be wished. 
At the moment it is, however, the best methcKl for which data are available. 
And such data considered qualitatively clearly establish the fact that the 
polymeric molecules are unsaturated and considered quantitatively suggest 
that the extent of the unsaturation corresponds to one double bond per 
molecule, irrespective of the mfdecular size. 

After all, there would screra m the general case to be only three ways 
in which it is possible to resolve the mdeterminateness involved in the 
current practice of writing the formula} of long-chain pol>Tners with free 
terminal valencicfs (as, e.g,, — [CHPh . — ). The first possibility is to 

supfK>se that ring formation occurs. Against this is not only the lack of 
experimental evidence but the fact that, since highly polymeric products 
are usually mixtures representing widely different degrees of polymerisa- 
tion, It IS necessary to believe that a large number of rings of very different 
sizes (containing, say, .20, Z2, 24, . . . 100 . . . carbon atoms! are 

capable of forming with sul>stantially the same degree of ease. The second 
possibility is to suppose that the terminal valencies are satisfied by 
” foreign " elements or groups, derived, not from the polymerisant, but 
from the medium. Staudinger has found such groups to be present when 
formaldehyde is pol>*nierised in the presence of water. In this case, how- 
ever, not a true polymerisation process but a condensation polymerisation 
process (to use the terms employed by Professor Staudinger in his dis- 
cussion of l>r. Carothers' pa{>er) is involved, each molecule of formaldehyde 
or at least one molecule per chain reacting as OH , CH* . OH,** No evi* 
deuce has been secured, despite a search for it, of occurrence of 
" foreign ** end groups in the products of true polymerisation processes, 
and, indeed, since in such cases pure ch em i c al substances p^ymerise or 
can be caused to polymerise without the intervention of chemical reagents 
or a reaction medium, it seems a priori unlikely that foreign end groups can 
enter m. There remains then the third possibility, vii, the occurrence of 
a termi^ double bond. Since this has not the a ^ari unlikelihood of the 
first two possibUities, it must be given serious consideration, and, as I tried 
to indicate, is not in fact without experimental support. 

Compare H. SUudinger and H. F. Bondy, Liebigs AnnaUm, 1931, 4 ^. i 53 i 
H* Staadinger and E. O. Leupold, i>i# kockrmokkuiaren organisekeH Verbindungen, 
JiatiiHhuk mtd Cetluktu, Berlin. 193^* P* 44 ** 

“ Compare H. Staudinger, Naturmssensekaften* 1934» ^»7- 

** Cl. SUttdinger, Die kockmaiekuiarem organtseken Verbitidunien, 1932, 255. 
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Both crystalline and resinous products resulting through condensa- 
tions of formaldehyde with phenols have been known for many years, 
and it is common knowledge to what extent phenolic rcsinoids have 
dominated the field of synthetic resins since their first commercial ex- 
ploitation in 1908 by Dr. L. H. Baekeland and others. It is nevertheless 
true, that of all resins manufactured industrially to-day, least is under- 
stood of the structure of these phenolic materials. This position is 
brought about, partly, because the immediate requirements of industry 
have been satisfied without the necessity of a great deal of fundaniental 
research, and, partly, because of the difficulties encountered by early 
investigators in the elucidation of substances as intractable as hardened 
resinoid. 

It is only since 1925, when Baekeland and Bender published their 
well-known paper, ^ which contained a comprehensive summar\' of pre- 
vious work, that systematic study has been made of the problem. Truil 
that date, assignment of structure to account for known properties was 
largely guesswork. The knowledge that acidic condensations of phenols 
with formaldehyde generally led to compounds of dibydroxydiaryl- 
methane type, and that alkaline condensations produced phenolic al- 
cohols, was linked with the facts that acidic condensations frequently 
led to permanently fusible and soluble resins (Novolaks), and that 
condensations under alkaline conditions generally led to heat-hardening 
resins (*‘ Bakelite ** type). Early speculations by Raschig • suggested 
that Novolaks were mixtures of dihydrox>'Jiar\dmethanes with phenolic 
alcohols and free phenol, the isomerism possible in these compounds 
being responsible for the resinous state, and rendering difficult isolation 
of individual constituents. 

It is intended in the present communication to deal w’ith certain 
aspects of Novolaks as revealed by chemical examination of their con- 
stituents, Such resins may be regarded as intermediates in the produc- 
tion of resinoids, and knowledge of their structure would assist substan- 
tially the elucidation of many problems as.sociated with the more complex 
material. 

Despite the difficulty of disproving the conclusions of Baekeland 
and Bender, who regarded Novolaks as best represented by a phenoxy- 
hydroxyphenylmethane structure, present views incline to Scheme I., 
which satisfactorily explains the formation of the fusible, soluble type 
of resin. 

* L. H. Baekeland and H. L, Bender, 2nd, Eng. Chem., 19^5, 22$, 

*Kaschig» Z. angew. Chern,, 1912, 315, 1945. 
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I. R . OH + CH ,0 -*■ HO . R' . CH,OH (phenolic alcohols) 

la. R . OH + sfCH.O HO . R* . (CH,OH), (phenolic polyalcohols). 

a. HO . R' . CH,OH + R ■ OH HO . R' . CH, . R' . OH + ^O 

(dihydroxydiarylmethanes) . 

3. HO . R' . CH, . R' . OH + CH ,0 HO . R' . CH, . R" . (OH) . CH,OH 

(alcohol of dihydroxydiarylmethanes). 

4. HO . R' . CH, . R" . (OH) . CH,OH + R . OH 

HO . R' . CH, . R" . (OH) . CH, . R' . OH (trinuclear compound). 

5. In general : — 

X . R . OH + {» - i)CH ,0 — HO . R' . CH, . (R"(OH) . CH,),-,R' . OH 
(polynuclear chain compound) + (* — i)H ,0 

Essentially, the process consists of the entry of formaldehyde into 
phenolic nuclei to form alcohols, followed by condensation with more 
phenol. The polynuclear chain compounds cannot be called polymerides, 
since their production involves elimination of water, and they are not 
reversible. It is not considered that a Novolak can be represented by 
any one particular polynuclear compound ; it will be made up of a com- 
plex mixture of such compounds, and possibly their alcohols, and its 
molecular weight will be the mean value of the molecular weights of its 
constituents. Tliis complexity is increased by the presence of numerous 
isomerides of the polynuclear type of substance,* the only phenols in 
which this type of complexity does not arise being certain of those which 
contain but tw^o or less o-/>-positions available for substitution [e.g. />-cresol, 
tw-2-xylenol). Such a complex mixture will form a system in which 
crystallisation of individuals w'ill be difticult, and hence the resinous 
state will be the stable one. Raschig,* and later Blumfeldt,* came 
rIo.se to the truth in their speculations, which were, however, made at 
a time when reliable experimental evidence was not available. 

The experimental evidence on which the adoption of Scheme I. is 
based, can be summarised its follow. s : — 

(tf) The isolation of cr\*stalline compounds of phenolic alcohol,* 
dihydroxydiar>dmethane,** • iind related types from acidic resinous 
condensationvS. 

(b) The practical realisation of step 2, involving condensation of 
phenols with phenolic alcohols to give dihydroxydiarylmethanes. • 

(r) The preparation of polynuclear compounds and their alcohols 
from p-cresol-formaldehyde condensations (Koebner •). 

(d) Molecular weights, which W'ere shown by Koebner to increase 
with increased proportion of formaldehyde, w hereby longer chains would 
be expected because the available methylene groups approached the 
phenolic nuclei in number. Kt>ebner obtained molecular weights for 
phenol Novotaks as low' as 200, confirming Raschig’s idea that the 
resins may consist of comparatively simple mixtures of isomerides. 

{€) Estimation by Poliak and Riesenfcid of substances eliminated 
ciuring resin formation (e^., uncombined phenol, formaldehyde and 

* N. 1. L. Megnon, JS.CJ., 1^33, 52, 420T. 

* A. E, Blumfeldt, C^um. Ztg,. tgig, 33, 493. 

* L. H. Baekeland, Ind, Emg, 1912, 4, 737. 

• N, I. L. Megton and A. A. Dnimraond. /.S.C./., 1930, 49^ 25iT. 

’ G. T. Morgan, and N, J. L. Megson, *933. 4*5T. 

• Tranbenb^rg, 2 . ungm. Ckem,^ 1923, 36* 513 ; C»tcr \^n Voorhout, Chun, 

1920, 17g 2 : L. H. Baekeland, Jnd, Eng. * 9 ^ i* 5 * 506 ; and others. 

• B, A. S. F.. DM.P., 301,432 ; M. Koebner, Z, angen. Ckcm., 1933, 4 ^ 
25* (c/. Koebner, Ck$m,^tg„ 2930, S4* 629). 

BoUak and F. Riesenida, Z. nngtw. Chem,, 2930, 43, tia9< 



338 


ALDEHYDE PHENOLIC CONDENSATIONS 


water of condensation), followed by molecular weight determinations. 
These workers concluded that Novolaks consisted of seven phenolic 
nuclei united by six methylene groups. Experimental conditions appear 
to affect this result since repetition of the work by the author yielded 
resins of appreciably lower molecular weights (350-500 against 522). 

(/) Ultimate analyses of resins, which although of little value for 
assigning actual formulae, serv'e as a check on the type of molecular 
structure involved. 

(g) Examination of derivatives of resins, such as acetyl, benzoyl 
and benzyl.^^ 

{h) Absorption spectra and refraction experiments which imply 
the persistence of phenyl-methylene chain compounds in resinoids 
produced under alkaline conditions, and presumably therefore their 
presence in Novolaks. 

(t) Alkaline hydrolysis of resins under pressure to give phenolic 
homologues.^^ 

Further evidence is now presented in support of Scheme L, based on 
the nature and yields of pr^ucts obtained by vacuum distillation and 
pyrolytic decomposition of Novolaks. An implication from Koebncr^s 
molecular weight determinations, that yields of lower condensation 
products decrease with increased formaldehyde concentration, is 
confirmed by direct isolation of certain compounds. 

It is possible to predict what products would be obtained from tiie 
degradation of Novolaks, on the assumption that the latter may be 
regarded as extended dihydroxy diarylmethanes. Consider a con- 
stituent of a Novolak prepared from phenol, in which random o-p- 
substitution is assumed : — 



Decomposition of this compound by heat may cause splitting in various 
w'ays. If rupture takes place at A, phenol will be broken off from the 
end of the molecule, but if it occurs at B or C, o* or ^-cresol should result. 
If breaking takes place at A and D simultaneously, m-a-xylenol should 
be produced, and similarly splitting between E and F should yield 
m-4-xylenol. Another case arises, should decomposition occur simul- 
taneously at B and E ; a dihydroxydiphenylmethane would be formed, 
which according to its stability might distil as such, or decompose to 
give phenols, or lose water between hydroxyl group* to give volatile 
xanthene, which is the only form in which z ; 3'-dihydroxydiphenyl- 

“ A. Vansbeidt, ei al,, Plastkhtsku Masmi, X934» 3* *7* * 

A. Schmid and G. de Senarcleiis, H$lv, Chim, Acta,* X933. J J* ^ 
Boer, R. Houwinkand J. F. H. Custers, Ecc, trac, chim,* 1933* 709 ; H. Hottwink, 

Brit, Plastics* 1934, 6, 100. 

** I. Alien, Jr., V. E. Mebarg and J. H. Schmidt, Jnd, Eng, Chem., X934> 

663, 
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methane exists. If, furthermore, cross-linking of long chains be assumed 
possible, mesitol could theoretically be produced. 

The substances which would be anticipated from other phenolic 
condensations can be deduced in a similar manner, such substances 
depending generally on the o- p-rule of substitution which limits the 
number and type of phenols and xanthenes possible. 

It should be noted, that an analogous structure based on the phenoxy 
hypothesis of Baekeland and Bender, would be likely to yield phenols 
and xanthenes only if, as a result of heating, immediate transformation 
to the phenolic type of chain, occurred. 

The isolation of various phenols and xanthenes from the degradation 
products of Novolaks, in agreement with the above deductions, has now 
been achieved, and information thereby becomes available as to nuclear 
positions occupied by methylene group-. 

General Experimental Method. 

The method by which condensations were examined is given in Scheme 
II. Condensations were carried out with phenols and aqueous formal- 
dehyrk' in presence of acid until permanent turbidity at 100® first appeared. 
The mixture was cooled, the supernatant liquid decanted, and the bottom 
layer washed repeatedly with hot water to remove catalyst, excess formal- 
dehyde. and water-soluble uncombined phenols. The resulting resin was 
heated to remove w^ater, and a little steam-distilled phenol, and was then 
distilled under a pressure of about 15-17 mm. The first distillate was 
almost entirely uncombined phenol, (.\), and the second w’^as a nearly 
colourless glass, consisting chietiy of dihydroxydiarylmethane isomerides 
(B). Immediately signs of decomposition appeared, distillation was 
stop jH*d and Uie residual resin w^as decomposed by heating strongly (up 
to 45<»^ in the resin} at normal pressures, until adl distillation ceased. 
The watery distillate (C), which was accompanied by intiammable vapours 
w'hose nature was not determined, containAl acidic and neutral materials, 
.separable by caustic soda. The acidic fraction was a mixture of phenols, 
made up of the original phenol wuth certain of its methyl homologues, 
and the neutral fraction contained substances of xanthene type. 

SCHEME II. 

Condensation Product. 

Top layer decanted. Ke^in washed several times with hot water. Distilled 

at normal pressure. 


Hrstdtial Products 
bistilled in vacuo of 17 mm 


i 

U’a/irr 

ftesiditai 

Eyrol ytjcally decomposed 

Oisiiilatc (a) 
b.p. 130'' 

(Uncombined phenol) 

(A) 

DistiLu4 [b) 

b.p. 

( D ih ydroxydiary 1 - 
methanes) 

(B) 

(D) IVaUry diUtUaU (C) 

Insoluble, infusible charred mass Treated with caustic soda 

1 


Aicidic fraction 

Phenolic homologues 

Scuirai fradion 
Contains xanthene 
homologues 



340 


ALDEHYDE PHENOLIC CONDENSATIONS 


The products of condensation, after preliminary distillation of water, 
were invariably resinous in character, and despite the high percentage of 
cUhydroxydiarylmethanes frequently present in them, deposited crystals 
only very slowly. The amount of coke-like residue (D) left after destruc- 
tive distillation, increased in 3rield with increase of formaldehyde. 

Examination of condensation products derived from phenol, o-, ifi- 
and ^-cresols and m-5-xylenol has been carried out. A more detailed 
publication of the results discussed below, will be made in a later com- 
munication. 

Phenol should theoretically produce three dihydroxydiphenyhnethanes, 



of which 11 . and III. are known and have been isolated from resinous 
condensations. There appears, from previous work,* to be a connection 
between time of condensation and yield of III., the latter apparently 
functioning more truly than does 11. as an intermediate in resin formation. 
Vacuum distillation of phenol resin has now given high yields of mixed 
II. and III. (for low proportions of formaldehyde), with the former slightly 
preponderating. With increase of formaldehyde through the proportions 
0*5, i-o, I ‘5 and 2*0 mols. per mol. of phenol, the yields of fraction (B) 
were 45 g., 26 g., 20 g. and o g. respectively. IV. is not known, but exists 
in a dehydrated form as xanthene, V . 

CH, 


O 

V. 

Xanthene has never been identified in phenol resins, which are invariably 
completely soluble in caustic soda. 

Consideration of formula I. has already shown that degradation of 
phenol resins may yield phenol, o- and p-cresols. wi-2- and fn-4-xylenols 
and mesitol. in addition to xanthene. The author has been able to identify 
only phenol, o- and />-cresols in the acid’*: fraction of the decomposition 
products (C), which increased through 12-5 g., 18 g.. (17 g.), and 35 g. with 
increase of formaldehyde through 0*5, i-o, 1*5 and 2'0 molecules respec- 
tively. The small yidd of />-cresol, compared with that of o»-cresoL sug- 
gests that /^-substitution is of less frequent occurrence than ^^-substitution, 
but the observed preponderance of II. over III. contradicts this conclusion. 
It is possible, either that decomposition takes place more readily at 0- 
than at />-linkages, or that the resin itself contains a high proportion of 
0-linkages, brought about by continued condensation of III. in preference 
to II. 

The neutral decomposition products apparently contained xanthene 
and methyl homologues. The production of these homologues is under- 
standable if splitting of the long chain compound I. takes ^ace at A and 
G simultaneously, with subsequent or coincident elimination of w'ater 
between hydroxyl groups. 

Phenol resins were more difficult to deal with than others examined, 
owing to their tendency to pass over to the ** gel ** stage during vacuum 
distillation. This tendency is probably due to ready formation of cross- 
linked compemnds, which are not prc^uced so easily in higher phenols 
owing to steric hindrance effects of methyl substituents. 
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o-Cresol should form three dihydroxyditolylmethanes : 





Only VI. is known ^d has been isolated from o-cresol- formaldehyde con- 
densations.* By elimination of water between hydroxyl groups, VIII, 
should yield 4 : 5-dimcthylxanthene. The phenols produced by pyrolysis 
should be. o-cresol, w-2- and »i-4-xylenols and mesitoL 

The only crystalline condensation product obtained from this phenol 
was VL in high yield (38 g. from 108 g, of o-cresol). No indication of 
\'n. or VTII. was found, and the resin remaining after vacuum distillation 
was so small (8 g.). that pyrolysis was not proceeded with. Nearly identical 
results were obtained when formaldehyde was increased from 0*5 mols. 
to 1 o mols. It appears that substitution in this condensation takes place 
almost entirely p- to the hydroxyl group, an observation which may 
be connected with the known difficulty of producing u-cresol resins possess- 
ing high melting-point, or rapid heat-hardening characteristics. 

fff-Creaot. because of its asymmetry, theoretically forms a more com- 
plicated series of condensation products than any other of the methyl 
phenols ; there arc, for example, no less than six possible dihydroxy- 
ditolylmetlianes : 



Of these only two have previously been reported, m.p. 161® • and m,p. 
113"'*** respectively, both of which were separated from cresol-formal- 
dehyde condensations. The author has now isolated two more isomerides, 
m.p, 99® and m.p. 134®, from the products of vacuum distillation (B), 
but the orientation of none of these compounds is known. 

The substance melting at 99® was crystallised from light petroleum, 
b.p. 60/80®, in microscopic needles. (Found ; C 79-1 per cent.. H 7*13 
per cent, ; requires C 78-9 per cent,, H 7*02 per cent.) Tetra* 

6ram<Kierivative ; Found : Br 577 per cent. ; C„Hi, 0 »Br* requires 
Br 58*8 per cent. The isomeride melting at 134® aystallised from benzene- 
petroleum in rosettes of spears (Found : C 78*9 per cent., H 6*88 per cent. ; 

requires C 78*9 per cent., H 7*02 per cent.). (All above are 
microanalyaes.) 

The yields of fraction (B) constituted 35 per cent., 24 per cent., 18 
per cent, and ii per cent, respectively, of the dry resin, for 0*5, i*o, 1*5 
and 2-0 molecular proportions of formaldehyde. Uncombined m-cresol (A) 
decreased through the yields ; 32 per <^nt., i6 per cent., 12 per cent., — 
per cent. 


W, C Harden and E. E. Reid, /, Am. Cfum. Soc., 1932, 54, 4325. 
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By elimination of water between the h3rdroxyl groups of XIL, XIII. 
and XIV., three dimethylxanthenes should be formed. 



O 


XV. 


chJ 



XVI. 


CH, CH, CH, 



xvn. 


Pyrolysis of w-cresol resin has given a mixture of xanthenes, in which 

XV. , m.p. i99®-2oo® has been identified, together 'wdth an unknown 
impure xanthene, m.p. 152^-154®, probably XVI. or XVII. 

The phenols obtainable by pyrolysis should be w-cresol, 0:3-, 0:4* 
and />-xylenols, ^-cumenol, tnc-^-cumenol, as-hemellitenol and iso-durenol. 
It has been possible by fractional distiUation of the phenols from (C) to 
isolate o : 4-xylenol, ;^xylenol and ^-cumenol. The fact that no 0 : 3- 
xylenol was detected is considered as due to the method of separation of 
phenols, rather than to its absence, since the groupings contained in 

XVI. and XVII., one of W'hich has b^n isolated, should yield this phenol 
on decomposition. The positive existence of both o- and ^-linkages, shown 
by the phenols identified, implies high complexity of products in w-cresol 
resins. 

It cannot be inferred from the isolation of xanthenes from this and other 
pyrolytic processes, that these compounds exist as such in resins, but only 
that o-o'-dihydroxy groupings are present. No free xanthenes were ever 
detected in fraction (B), where they would distil if present in the free state. 

p*Cresol, by virtue of its symmetry and possession of only two positioDS 
open to substitution, forms an extremely simple series of condensation 
products, there being only one possible isomeride for any given leng^ of 
chain. The smallest possible chain compounds arc XVTIL and XIX., 
both of which have previously been iden^ed in resinous condensations.* 
Both have now been isolated from the products of vacuum distillation, 
in agreement with Koebner's observations. 

CH, OH CH, OH 

/ V' n/ \ 

CH, CH, 

XIX. 



CH,i 



CH, 

H HOI 


XVfll. 


ICH, 


OH 


CH, 


108 g. of ;^re8ol with 45 g. of formaldehyde yielded 33 g. of free fi- 
cresol (A), 26 g. of (B), 21 g, of decomposition products (C) and ai g* of 
residue (I>). 

The phenols theoretically derivable by pyTol3^is arc p-creeoh m-4-' 
xylenol and mesitol. None higher than ^cresol has been detected with 
certainty although higher boiling unidentified phenc^ have been noticed 
in small quantity. The neutral fraction has yielded a : 7-dimethybcanthene 
{XX)»* ; 



O 


XX. 

Gladstone and Tribe, 1882, 41, 11. 

* M. R. lossc, C. ref$d,, 15K>3, I $ 6 , 1006. 
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The supposition that xanthenes are formed during p^olysis of resins by 
elimination of water between o-o '-hydroxy groups, is supported by an 
observation that simple heating of XVIII. is suf&cient to remove water 
and to give a distillate consisting chiefly of XX. Furthermore, destructive 
distillation of the three-ring compound XIX.. gave the same xanthene. 
together with phenolic material containing />-cresol. This latter experi- 
ment closely imitates the conditions existing during pyrolysis of resins. 

Owing undoubtedly to its simple structure. Novolak from p-cresol 
exhibits a greater tendency to crystallisation than other phenolic resins. 
During previous work,* in which condensations were carried out with para- 
formaldehyde in alcoholic solution, most phenols gave resinous solutions 
which merely became more viscous with time of condensation. The 
numerous isomerides formed, not necessarily of great length or of high 
melting-points, presumably formed a highly complex S3rstem soluble in 
alcohol, whereby precipitation of individual compound^ was inhibited. 
During p-cresol experiments, a white substance was deposited, which in- 
creased considerably with time ; it probably consisted of comparatively 
few long chain compounds of high melting-points, which were unable to 
form such a soluble system, and hence crystallisation occurred. 

m-S-Xylenol resembles phenol in the number of condensation products it 
yields. The three possible dihydroxydixylylmethanes have all been isolated 
from resinous condensations.^ They have not been indi\'idualiy character- 
ised with certainty, although there iasome evidence that XXL represents 
the compound of highest melting-point. All these compounds have now 
been identifled in the products of vacuum distillation : 


CH, CH, CH, 

v/ 


HQi 



:h, 

XXL 

CH, CH, CH, 


CH, CH, CH, 

CH,' ^OH 
XXII. 




HO' 

xxin. 


UcH. 


For the proportions of formaldehyde examined the variations in frac- 
tions (A), (B). (C) and (D) closely resembled those from other phenols. 

The higher phenols anticipated by pyrolysis are sym-hemellitenol. 
iso-^umenol, durenol. prehnitenol. and pentamethylphenol. Of these 
^ here have been identifled by fractional crystallisation ue-^-cumenol and 
durenol. The formation of these two substances shows that substitution 
has proceeded almost entirely in the o-positions, a surprising observation 
in view of the fact that, under alkaline conditions. m-^5-xyldnol ^ves a 
znonoakohol. which Auwers has shown to be ^hydroxyhemeilityl al- 
cohol. It is possible^ however, that under acidic conditions />- and o- 
alcohols axe formed together, that the p-alcohol immediately combines with 
xylenol to give XXL, and that the main condensation proceeds through 
the o-alcohd (c/. phenol condensation). Altcmiatively it is possible that 
the o-linkage is more easily ruptured by heat than the ^linkage. 

Steric hindrance effects probably oppose substitutiem of this xylend 
in all tluree available positions* and theimore the tendency will be towards 
^oQg ch^n compounds with little cross linking. Oil-solubility should 
therein be favoured. 


K. von Auwers, Ann., 1906. 344, 271. 
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Only one xanthene would be expected from pyrolysis, t ; 3 ; 6 : 
Mfomethylxanthene XXIV. being derivable ixcm the structure contained 
in XXIII. 



This compound has been identified, crystallising from acetone in small 
glistening plates, m.p. 198^-200®. (Found : C 85*4 per cent. ; H 7*85 per 
cent. ; Ci^HuO requires C 85-7 per cent., H 7*57 per cent.) At the same 
time a minute 3deld of a second material was isolated insoluble in caustic 
soda, which sublimes above 275®. It has been tentatively assigned the 
fmmula of a hexamethybcanthene (XXV.). The type of decomposition 
required to produce this compound has already b^n referred to under 
phenol, and there seems no reason to doubt its possibility in resins from 
other phenols. 



Alkaline Condensations. — It is of interest that similar pyrolyses 
carried out with the products from alkaline phenolic condensations have 
3delded similar results. A commercial heat-hardening resin derived from 
m-cresol, on pyrolysis gave not only m-cresol, but higher homologues in 
which 0-4-xylenol has t3een detected. It is concluded that the basic struc- 
tures of resins derived under acidic and alkaline conditions are closely 
related. 

Although the results presented here assist elucidation of complex 
phenolic condensations, they yet leave numerous questions open to 
investigation. It is desirable, for example, not only to characterise the 
structure of the dihydroxydiar>imethancs produced, but to estimate 
their relative amounts, so that information will become available as to 
the extent to which particular isomerides influence physical properties 
of the resins. The isolation of polyring compounds from phenols other 
than ^-cresol is a problem which may be solved by employing higher 
vacua during distillation of condensation products. There have been 
indications in the present work that fraction (B) from phenol condensa- 
tions, contained constituents (less volatile than dihydrox ydiphenyl- 
methanes), which are suspected of being three ring compounds. 
Molecular weight determination.s carried out on various resinous fractions 
obtained during working-up of tlie products would also be valuable in 
checking the degree of condensation achieved. Finally, a more com- 
plete examination of the products of pyrolysis, than that described 
above, is of evident importance. 

The elucidation of these problems is a purely chemical concern. 
Assuming the nature of the compounds present in resins be ascertained 
in this way there still remains the more fundamental physico-chemical 
problem of determining the manner in which these substances co-exist 
to produce resins. In this field, valuable work has already been carried 
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out by von Wcimam, Tammann, Scheiber and others, whose concept? have 
been comprehensively discussed by Scheiber and Sandig.^® 

Summary. 

1. Evidence supporting the hypothesis that Novolak resins consist 
of complex mixtures of chain compounds of phenol-methylene type is 
summarised. 

2. This hypothesis is supported experimentally by : 

(a) Isolation of condensation products of dihydroxydiarylmethane 
type, which wc shown to decrease in yield with increase of formaldehyde, 

(^} Isolation of higher methyl homologues of phenols, and of xanthenes, 
by pyrolysis of resins. 

In conclusion, the author thanks Professor G. T. Morgan, 

D.Sc., F.R.S., Director of Chemical Research, for permission to con- 
tribute this paper to the discussion. 

Chemical Research IjihorcUory^ 

Teddingtoti , A/ iddlesex. 

July, 1935. 


GENERAL DISCUSSION. 

Professor K. H, Meyer {Genive) said : Hemmi and I have made the 
following experiments. We interrupted the alkaline condensation of phenol 
and formaldehyde in concentrated solution by reaction with dimethyl 
sulphate to ctherify the phenolic hydroxyl groups, and subsequently 
oxidised with permanganate to convert the lateral — CH, OH groups into 
carboxyl. We could isolate the following acids : 

OCH, OCH, OCH. OCH, 

COOH ."'I /"NCOOH H 00 C'^CX)H 

U U IJ v; 

t I 


COOH COOH 


together with higher molecular compounils of the diphenylmethaiie series. 
COOH 

The acid CH |0 . < ;CXX)H does not seem to be formed, which indicates 
COOH 

that under these conditions, either the velocity of the reaction of the di- 
alcohols with phenol is greater than the reactivity with formaldehyde, 
or else the trialcohol, when formed^ reacts immediatdy with phenol. 

Dr. £. £. Walker (Manchesier) said ; Mr. Megson has dealt success- 
fully with the condensation products formed under acid conditions and 
refm at the end of tus paper to those formed under alkaline conditions. 
The simpler mononuclear phenol alcohols which can be isolated from 
alkaline reaction mixttues are well known, but some yem ago a substance 
GifHttOt was isolated from such a reaction mixture in the laboratories 
of Impe^ Cbemtcal Industries limiM. This was found to be a deriva- 
tive oi 4 : 4'.dibydroxydiphenylmethane and almost certainly possesses 
the constitution : 


CH,OH 

CH,OH 


CH,OH 

>OH 

~CH,OH 


J. Scheiber and K. S&ndig, ArtijkuU Rtsins, trnnalated by H. Fylemnn, 
London, 1931. 
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The manner in which a high molecular weight substance can be built 
up from this by condensation with free phenol and less highly substituted 
phenol alcohols is obvious. 

Similarly it has been found that the constitution of the crystalline 
substance isolated from alkaline o-cresol formaldehyde condensation pro* 
ducts is : 

CH. CH, 

CH.OH CH.OH 

These obser\'ations seem to indicate that the first condensation takes 
place in the para-position. 

If the matter is of sufficient interest it may be possible to publish 
details of the isolation of these substances and the evidence for their 
structure. 

Mr. N. J. L. Megson (Teddington), in reply, said : I^ofessor Meyer's 
results on the oxidation of methylated phenolic products confirm the 
o-/j-substitution by formaldehyde in the phenolic nucleus. It is agreed 
that further condensation may proceed before addition of three methylol 
groups to the phenol nucleus, and it may be that a certain minimum length 
of chain is necessary before the tendency to condensation becomes less 
than that of addition, and cross-linking, with formation of infusible, 
insoluble products, becomes possible. Against this hypothesis is the 
report by Dr, Walker of the isolation of tetramethyloi-/^'/)'-dihydroxy- 
diphenylmethane, which implies probable branching of chains at an 
early stage. The certain identification of the compound would be of 
considerable interest, since substances of this type have hitherto only 
received unreliable description in patent literature. The compound is 
a methylol derivative related to the dimethyloldihydroxydiar>dmethancs 
prepared by other workers from <?-cresol, p-cresol and w-5-xylenol.‘* 

The orientation of derivatives of diar>dmethanes presents difficulties, 
and despite statements by investigators working with them, there is 
surprisingly little direct evidence giving e.xact positions of sul>stituents. 
Thus, unless Dr. Walker possesses infonnation other than that provided 
by Granger,^* the constitution of the o-cresol-formaldehyde com[x>und 
must remain speculative; it may be the 4 : 4'-, 2 ; 4'-, or even 2:2'- 
dihydroxy-derivative of 3 : 3'-dimethyl-5 : 5'-dimethyloldiphenylmethanc. 
The possibiiit}' of formation of three related isomerides together has 
already been reported for several phenols ; feAv of them have been 
orientated. Hence publication by Dr. Walker of any results definitely 
justifiying the Ix*lief that first condensation takes place in the para-position 
would clearly be of much value. The prouucts obtained by pyrohnsfis of 
phenolic resins, which yield information on the relative |mitions of 
methylene and hydroxyl groups, have so far indicated that both o- and 
/>-sul:^itution occurs in m-cresol, but only o-substitution in w-5-xylenoL 
More recent, unpublished, results have shown o-^substitution in o-cresoL 
There are grounds for Mr. R. H. Kienle's view that the structures 
contained in “ Novolaks ” may differ from those in hardening resinsi but 
coiffirmation or otherw ise of the belief cannot be obtained until the p5nro* 
lytic products from the resins have been examined in greater detail. The 
most that can be deduced is that certain groups, for example the phenol- 
methylene unit, appear to be common to both types of resin. Evidence 
from another type of experiment does, however, demonstrate the varia- 
tions which may be caused by catalytic effects. During investigations 
on the production of phenolic resins from tar fractions with aqueous 
formaldehyde. it was noticed that whereas pyridine readily caused 

Granger, Ind. Eng. Chem., 1932. 24^ 442 ; Koebner, Z. angew. Chevt,, 1933 
46, 251 ; Auwers, Ber., 1907, 40. 2537. 

Holmes and Megson, 1933. gj, 4t5T. 
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deposition of a lower layer of resin, ammonia, which is definitely a more 
rapid catalyst, only gave a resinous deposit after very prolonged con- 
densation, In this case, solubility of resin in the tar neutral oil is ap- 
parently determined solely by the catalyst. This fact is best explained 
by assuming formation of two different structures as a result of catalytic 
action ; possibly variations in oil-solubility are determined by differences 
in position of substitution of methylene linkages. 


THE FORMATION OF HIGH POLYMERS BY 
CONDENSATION BETWEEN METALLIC POLY- 
SULPHIDES AND DIHALOGENATED HYDRO- 
CARBONS AND ETHERS. 


By I. C. Patrick. 


Received yih August, 1935. 

The general theor\’ of formation of high molecular weight linear 
polymers by condensation between bi -functional compounds of low' 
molecular weight to form products of large molecular mass has been so 
thoroughly reported in the literature that no extensive citation is be- 
lieved to l>c advisable liere. 

A very thorough study of this type of reaction has been made by 
Carothers and his co- workers on the tonnation of polyesters, the reaction 
l>eing of the general type : 

0 0 

\ii)i - ( -OH 4 IKK am 

to give 

(1 () 

({){ - an' etc., 4" HgO, 


One ran, without taxing the imagination, conceive of the polymerisa- 
tion of isoprene or butadiene as belonging to the same general tj^pe of 
phenomenon differing only in the fact that the reacting molecules are 
alike instead of different and that the ** condensate ” is one double bond 
per molecule. Therefore, no attempt will be made in this paj>er to 
distinguish between condensation and polymerisation . 

When organic dihalides having CHjX terminals, in w'hich ** X 
denotes a halogen, are caused to react with metallic polysulphides, 
there usually results a linear polymer, of high molecular weight. 

XCH,R( H,X + MS^M — - 2MX -f ~^~GH,RCH^*CH,RCH,S,— 


A few* specific examples are as follows : 


(I) QCILCI 

{2) a(CH,),ci 
(3) a(CH,)xi 
(4> aC,H^OC,H*CI 



t(GH|i)iiS|, 


(5) CIC,H,OC,H,CX:,H,CI+M,S, ~CJH,CK:,H*OC,H,S,C,H*OC,H,OC,H,S,— 


Many of the linear polymers of the type given above that have 
been studied either have, or can be readily made to assume, highly 
rubber-like characteristics. 
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It will be noted that in the five examples given, Nos. i, 2 and 3 in- 
volve the reaction of a simple hydrocarbon dihalide, whereas Nos. 4 
and 5 show the reaction with a hydrocarbon chain containing ether 
linkages. 

Since symmetrical dichloroethane, or ethylene dichloride may be 
considered typical of the first type of organic reactant, 1.^., the simple 
hydrocarbon dihalide, its reactions will be given in some detail. 

If the polysulphide chosen is a solution of sodium polysulphide 
properly prepared and having the empirical formula Na^4, it will react 
very readily with its equivalent weight of ethylene dichloride in the 
presence of a dispersing agent such as magnesium hydroxide to form a 
somewhat latex-like suspension of the polymer. When the suspension 
of particles has been washed free from the by-products of the reaction 
by repeated settling and decantation with water, it will coagulate to 
an elastic rubbery mass on acidification of the liquid. 

This polymer is unique in that it shows a degree of extensibility and 
retractability comparable with natural rubber and also exhibits the 
Joule effect. According to unpublished observations of Dr. J. R. Katz, 
films of the polymer exhibit an X-ray fibre diagram on stretch comparable 
with that given by rubber under similar conditions. 

Another peculiar analogy with rubber is noted when the polymer 
is mixed with, for example, zinc oxide and heated. At temperatures 
customarily used in the vulcanisation of rubber, a phenomenon super- 
ficially strikingly similar to vulcanisation takes place. The originally, 
somewhat plastic mix becomes firm and strongly elastic, and the effect 
is even more marked if a pigment of the type of carbon black, which 
exerts such a strongly reinforcing effect on rubber, is present. 

Certain suggestions regarding the chemical structure of the ethylene 
polysulphide polymers will be advanced. 

The reaction between ethylene dichloride and sodium tetrasulphide 
may be represented as : 

ClCHjCHjCl -f- NaS4Na ► ClCHjCHjS^Xa -i- NaCl, 

and, 

ClCHjCH,S4Na -f aCH4CH,S4Na ClCH,CH,S4CH,CH,S4Na -f NaCl 

and this process may continue as each new unit is itself bifuiictionai 
and capable of reaction at one end or the other, either with a similar 
unit or with cither of the original reactanU which happens to be in excess 
until either, or both, of the primary reactants is exhausted after which 
reaction with chain growth may continue between the already formed 
units with, however, rapidly diminishing frequency as the average 
mass of the units increases. 

According to the above hypothesis the polymer would not have 
chlorine terminals if the polysulphide were kept always in excess, and 
the empirical formula of the large molecule would approach vcr>^ nearly 
to C2H4S4. This is confirmed by experimental data. 

This hypothesis also postulates high molecular weight and this is 
also indirectly confirmed by experiment, because, while it has not been 
possible to determine the average molecular weight of the polymer, 
all attempts to determine this value have indicated that it is large. 

Since there is no good reason to suppose any alteration in the struc- 
tural relationships of the hydrocarbon residue in this reaction it will 
be assumed that the integrity of the •— CH^CHg — radical is main- 
tained. The arrangement of the S4 complex admits of several hypo- 
thetical groupings. One might postulate the polysulphide group as 
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extended into a four-sulphur chain in which each sulphur atom is linked 
to its neighbour or to a carbon atom by a covalent linkage such as 
— C : S : S : S : S : C— , in which each sulphur atom is of equal value 
as a link in the chain. Another equally valid hypothesis is to assume 

S S 

a configuration for the polysulphide group such as — C : S : S : C — , 
in which two only of the sulphur atoms are essential to the integrity 
of the chain and two others, possibly co-ordinately linked to the sulphur 
atoms in the chain might be regarded as likely to considerably m^ify 
the physical properties of the molecule. This assumed structure would 
lead one to suspect that the two co-ordinately linked sulphur atoms 
would be more easily removed than the two sulphurs each covalently 
linked to carbon, and that their removal, while modifying more or less 
extensively the properties of the molecule, would not necessarily dis- 
turb the fundamental integrity of the chain. 

Experimental data show conclusively that in the molecule of 
two of the sulphur atoms are combined in a ver>" different manner from 
the other two. For example, if a suspension containing one empirical 
molar weight of the ethylene tetrasulphide polymer is treated with a 
solution containing 1*2 mols of sodium hydroxide, and is heated to 
8o® or 90° C. with agitation for about an hour, the red polysulphide 
solution of the metal is formed, and when the white somewhat granular 
residue is washed and dried its analysis alw’ays approaches very closely 
to the empirical formula If now* the disulphide derivative 

is again subjected to the same treatment w'ith a fresh solution of 
sodium hydroxide, the polysulphide of the metal, if formed at all, will 
be prt^ent only in minute quantity, and when the organic deriva- 
tive is removed and analysed its empirical formula is substantially 
unchanged. 

That the tetrasulphide derivative might have consisted originally 
of a solid .solution of two gram atoms of elementar\’ sulphur in one mol 
of CtH4S, is disposed of by the fact that extraction with such solvents 
as boiling acetone does not remove free sulphur and, even more con- 
clusively, by sublimation of the tetrasulphide in a molecular still ’* 
under high vacuum, in which case the empirical formula and physical 
properties of the sublimate correspond to CjH^S*. 

As might have been expected, the physical properties of the sub- 
stance have undergone a change due to the removal of two sulphur 
atoms from the molecule. 

The pale yellow' tetrasulphide derivative is elastic and quite rubberv' 
whereas after removal of the two sulphur atoms from the molecule 
the disulphide is a somewhat harsh granular powder, usually white in 
colour. This powder does not have a definite melting-point. It usually 
begins to soften perceptibly at around 1 30® C. and become a viscous 
;imber-coloured liquid at about i8o* C., above which temperature 
evidences of incipient decomposition are observed. That the molec- 
ular weight is large is indicated by the fact that the polymer is practic- 
ally unaffected by any organic solvent. It is not even sw^ollen by carbon 
disulphide. 

In view of the fact tliat the removal of two sulphur atoms from 
each unit of C^H^Si caused a transition in physical ^properties from a 
rubbery elastic substance to a granular thermoplastic powder, two 
interesting questions present themselves. Can the two sulphur atoms 
be replaced with resumption of all the original rubber-like qualities ? 
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Would considerably less than two gram atoms of sulphur per empirical 
molar weight of C2H4SJ suffice to impart rubbery characteristics ? 

The experimental evidence gives a complete affirmative to both 
questions. 

If one empirical mol of C,H4S, is intimately mixed with two gram 
atoms of sulphur especially in the presence of one or two tenths of a per 
cent, of an accelerator of the alkaline type (diphenyl guanidine is very 
suitable), and heated for twenty-four hours in an oven at 120® to 130® C. 
the sulphur recombines and a soft elastic mass is obtained. The same 
result is produced even more completely if the sulphur and the disulphide 
derivative are mixed on the rolls of a laboratory rubber mill with, in 
addition to the accelerator, about 5 per cent, by weight of zinc oxide. 
In this case the mass becomes plastic almost at once but will stiffen to a 
hard board-like consistency when cold. If now the mix is subjected 
to a temperature of 145® C. for about thirty minutes, an elastic tough 
substance resembling cured rubber is obtained. Here also attempts to 
remove sulphur by the use of selective solvents are not successful. 

The answer to the second question as regards the minimum amount 
of sulphur competent to develop permanently rubber-like properties 
is easily determined by the last procedure mentioned above. When 
the disulphide derivative is mixed on the mill rolls with varying propor- 
tions of sulphur and the resulting mixes heated as described, it is found 
that sulphur in the proportion of about one gram atom to two empirical 
molar weights of the disulphide derivative, that is, an amount of addi- 
tional sulphur which would give an empirical formula of CjH4|Sg 
suffices to confer permanent rubberiness to the full extent, but that lesser 
amounts of sulphur are not sufficient. 

According to the hypothesis made above concerning the co-ordinate 
combination of sulphur, this amount of sulphur would roughly correspond 
to about one co-ordinately combined sulphur atom to each two units 
of the carbon-sulphur chain : 

S S 

— C:C:S:S:C:C:S:S:C:C: 5 :S:(::(::S:S:~ 

It is interesting to note that the addition of sulphur to form a 
rubbery elastic substance does not take place under the conditions de- 
scribed above if only one sulphur atom is present in a unit of the chain. 
For example, polymeric ethylene sulphi'^e, •— CHjCHjSCHjCHjS — , 
does not exhibit this phenomenon. 

Attempts to remove more sulphur from the polymeric ethylene 
disulphide have been unsuccessful without complete decomposition of 
the molecule. However, in the presence of a suitable reducing agent 
the S— S bond can be broken. If one empirical molar w'eight of 
in suspension in water is first ** stripped ” of two sulphur atoms with 
sodium hydroxide solution and, after removal of the polysulphidc 
formed, the mol of CjH^Sj remaining is heated with two mols of Na^S, 
in solution, to about 90® C. with suitable agitation for several hours, 
a completely water-soluble product is obtained. A reddish solution 
of sodium polysulphide is ako formed which is found on analysis to 
correspond to the empirical formula Na^S,. Perhaps : 

RS - SR + 2Na^ 2(RSNa) + Na,S*. 

When acidified the aqueous solution obtained by reduction of the 
ethylene disulphide evolves hydrogen sulphide and eliminates sulphur 
due to the decomposition of the sodium disulphide. On complete 
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acidification it also eliminates an oily substance and on steam dis- 
tillation a fair amount of ethylene mercaptan is obtained* If now 
one mol of this mercaptan is treated with the calculated amount of 
sodium hydroxide solution to form the di-mercaptide and the solution 
of sodium ethylene di-mercaptide is then treated with an oxidising 
agent such as a sodium tetrasulphide solution or a hypohalite, a sub- 
stance having most of the chemical and physical properties of the ethylene 
disulphide polymer, from which the mercaptan was derived, is obtained. 

If, instead of acidifying the mercaptide solution, obtained by re- 
duction of C,H4 Sj with sodium sulphide, the aqueous alkaline solution 
is filtered and oxidised at boiling temperature by passage of a current 
of air the identical parent substance is obtained, and when this poly- 
mer is treated with additional sulphur in the manner described above 
the elastic rubbery properties are developed in their entirety. 

It is believed that the slight differences noted betw^een the product 
obtained by oxidation of a pure sodium ethylene di-mercaptide, and 
that derived from the oxidation of the mercaptide solution obtained 
by first “ stripping ’* then reducing the derivative of ethylene tetra- 
sulphide without prior separation of the mercaptan by distillation, is 
due to the presence of a certain amount of sodium monosulphide in the 
parent polysulphide. This on reacti<in with C^HjClj would lead to 
the formation of a certain proporiifm of thio-cther linkages in the molecule 
of the polvmer : 

I 

cc-~ss^ 

The chain on reduction may be expected to split only between the 
— S — S — linkages with the result tliat the mercaptide solution should 
contain in addition to NaSCH/Tl^SNa also a certain amount of the 
sodiu^ salt of dimcrcapto-thioether NaS — C — C — S — C — C — SNa. 

The fact lh.it the nibbeiy* tetra.'sulphidc polymer can be reduced 
to the disulphide polymer, that this can in turn be reduced to a mixture 
of mercaptans of fairly well established structure w’hich then by oxida- 
tion regenerates the polymeric disulphide, and that the disulphide 
then can undergo further oxidation with free sulphur to a polymeric 
tetrasulphide substantially identical with the original polymer, w^ould 
seem to justify the following inferences : 

That the fundamental ret:urring unit in the chain is — CH^CHjSS — 
with an occasional thiocther linkage — CHjCHtSCHjCH* — . 

That the terminal or end groups after acid coagulation are sulphydryl 
groups — SH the same as those of the low^ molecular weight mercaptans 
from which the disulphide polymer can be synthesised by oxidation, 

HSRSH -f nSRSH -f O HSRS— SRSH + H,0. 

Tliat the polysulphide polymers of higher sulphur rank than the 
disulphide polymer arc co-ordination compounds with sulphur, 

A tentative formula for the rubbery tetrasulphide polymer can now* 
be constnicted 

H H S H H S H H 

HS . C . C . S . S . C . C . S . S . . . C . C . SH 
H H H H H S H H 

^ The experimental data prove quite conclusively that the permanent 
extension-retraction elasticity, i.e., rubberiness, of the ethylene deriva- 
tive 18 dependent upon the presence of not less than a definite minimum 
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excess of sulphur over that required by the empirical formula CjH^Sj. 
This excess sulphur is believed to be co-ordinately combined. 

As representative of the dihalides having ether linkages one may 
select p-p' dichloroethyl ether for discussion. 

When this dichloroethyl ether is reacted with sodium tetrasulphide 
under similar conditions to those described under ethylene dichloride, 
a coagulable suspension of the pK)lymer is obtained. 

This product shows the analogies with rubber to an even greater 
degree than is the case with the ethylene derivative. 

When the same methods of investigation are applied to the polymeric 
ether tetrasulphide as were described in the case of the ethylene tetra- 
sulphide, a very close parallelism can be demonstrated. There is, how- 
ever, one rather remarkable difference. When the ether tetrasulphide 
polymer is treated with sodium hydroxide solution until no further 
sulphur can be removed, the latex-like suspension remaining will coagulate 
into a white highly elastic mass when treated with acid. This elastic 
polymer has by analysis the empirical formula OC4HgSj|. When dried 
and sheeted out it closely resembles natural rubber in its “ liveness/* 
This polymer undergoes a typical vulcanisation when compounded with 
zinc oxide or litharge and, when properly compounded with reinforcing 
pigment and cured, it develops a degree of elasticity and resistance to 
tear fully equal to rubber. 

This ether disulphide polymer can be made to take up tw’o gram- 
atoms of sulphur per mol of OC^HgS, to reform the tetrasulphide polymer, 
but the addition of sulphur does not in this case enhance the rubber-like 
properties. The same observation applies in the case of the polymeric 
disulphide derivative of chloroethoxy chloroether. 

The ether disulphide polymer on treatment with sodium sulphide 
is reduced to mercaptide from which the polymer can be regenerated 
by oxidation. Therefore, similar inferences regarding its structure will 
be made as were made in the case of the ethylene derivative. 

HH HH HH HH HH HH 

HS CC O CC S 5 CC O CC SS . . . CC O CC SH, 

HH HH HH HH HH HH 

which in the large molecule approaches closely the ratio required by 
the empirical formula OC4HgSj given by analysis. 

It is of interest that in the reaction between polysulphide solutions 
and P‘p^ dichloroether about 15 to 20 per cent, of the dichloroethcr, 
depending on the type of polysulphide solution used, goes to form the 
cyclic compound 1-4 thioxane, 


H, H, 



H, H, 

The thioxane formation is believed to be accounted for by the 
presence of monosulphide in the polysulphidc solution, since a high 
yield of thioxane is obtained when dichloroether is reacted with 
pure sodium monosulphide solutions. In this reaction only a small 
yield of the chain polymer, 

-CCOCCSCCOCCS—, 

is obtained as a somewhat granular white powder giving no evidence 
of elasticity whatsoever. 
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At this point it may be well to compare probable chemical structure 
of the unit of the polymers with gross physical properties in tabular 
form. 


Unit of Polymer = 
— CH,S 
— CH^SS 
— CHjSS— 

ss 

— CHjCH^ 

— CHjCHjSS— 
---CHjCH^SS— 

SS 

— CHjCH*CH^S-~ 

-^CHjCH^CHaSS 

SS 


Approximate Physical State, 

Powder 

Powder 

Rubber-like 

Powder 

Powder 

Rubber-like 

Powder 
Povv( !er 
Rubber-like 


CjH 40C,H4S-~ 

- C,H40C,H4S S 
---Cjf l 40 CaH 4 S S 

s s 

--0511400,11400,1148 - 
---(;5!l4()('5H4O02H4SS— 


Powder 

kubber-like 

Riibber-like 

Powder 

Rubbcr-Iikc 

Rubher-iike. 


In view of the fact tlial whereas no rubber-like cliaracteristics were 
exhibited by the ethylene disulphide polymer, but were developed when 
oxygen was pn?sent linked to the beta carbon atom as in the disulphide 
derivative of dicldoroether, 

— 0 0 S 0 0 S S (' 0 S S - Kthylene disulphide polymer, 

— 0 C' O 0 b‘ S S 0 0 O 0 8 S — hther disulphide polymer, 

investigations are now^ in progres.-^ to determine whether or not the 
monosulphide derivatives can by any structural rearrangement be made 
to assume the typical rubber-like properties. 

For example, by reacting sodium etliylene dimercaptide with 
clichloroether an interesting variation in the sequential arrangement 
can be made : 

NaSC5H4SNa -b c:iC 5 U 4005 U 40 l 

--^lljOHjSOHjClljtlOHjOHjSOHsOHjSOHaOH^OOHjCHjS . . , . 

This pol^micr dotrs not, however, exhibit rubber-like properties. 

In consideration of the fact that one of the most remarkable pro- 
fierties displayed by several of the polysulphide polymers is their capacity 
to undergo a change at least superficially analogous to the vulcanisation 
of the diene polymers, a few comments on this phenomenon will be 
made. 

As investigations are now in progress which it is hoped will clear up 
some of the mort‘ obscure points on the subject of cure or vulcanisation, 
no extended discussion would be justified. 

The heat cure phenomena exhibited by the polysulphide polymers 
appear to involve in every ciisc an oxidation process. Oxidising agents 
such as di- and iri-nitru benzene, benzoyl peroxide, etc., promote the 
cure, whereas reducing agents such as for example pyrogaltol and zinc 
dust greatly retard and in many cases inhibit the curing process. 

12 
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A number of metallic oxides are very effective in promoting cure^ 
among which zinc oxide and cupric oxide are perhaps to be preferred. 
It should be noted also that a trace of moisture in the mix promotes 
the curing process. 

For example, if the ether disulphide polymer is placed in a mould in 
a curing press, the platens of which are heated to 145® C. and the mould 
is exposed to this temperature for thirty minutes, then cooled and removed, 
no particular change is observed, except that the material is usually some- 
what more plastic than before heating. If the time of exposure to the 
temperature is increased, a tendency to stickiness of the surfaces of the 
sample becomes noticeable. If, however, before subjecting to the curing 
temperature, 100 parts by weight of the plastic ix)l>mier are intimately 
mixed, or compounded, with 10 parts by weight of powdered zinc oxide 
and heated as described, a very different result is obtained. The rather 
plastic mass has taken the exact shape of the mould, and has devT loped 
toughness and “ nerve.” Wlien a strip of the material is pulled out to 
an elongation of about 500 per cent, of its original length, the piece becomes 
warm and, when permitted to resume its former length, a perceptible 
cooling effect is noted. If stressed beyond its strength it breaks with a 
sharp snap. 

If the time of exposure to temperature is doubled, the toughness of the 
material is found to have increased. The ultimate elongation at break 
has decreased, but the stress required to prcnluce any given deformation 
(the modulus) has increased. When, in addition to the zinc oxide, al>out 
20 parts by weight of carbon black is compounded with the }K>lymer, 
all of the physical properties are markedly enhanced. 

To show graphically the very m«irked change in pliysical properties, 
and presumably in internal structure, brought about by heating the 
polymer in the presence of suitable curing agents, ;t stress-strain dia- 
gram is presented. In this diagram, the loads required to cause a giv^en 
elongation of the test specimen are plotted against the percentage of 
the original length represented by that elongation. For convenience 
points were chosen at 100 per cent, elongation and at multiples of kx) 
per cent, and a smooth curve drawn through the points so established. 
A low’ tensile soft stock was chosen, as such a compound shows mo>t 
clearly the change in shape and the displacement of the curve with 
increasing time and/or temperature. 

It is of interest to compare the general shape of these curves w’ith 
the stress-strain diagram deduced on theoretical groimd.s for rubber 
by Mack. 

The statement was made that the phenomena of cure displayed 
by the polysulphide polymers appear to be caused or accompanied by 
an oxidation process. Zinc oxide is not, however, ordinarily regarded 
as an oxidation agent. 

Investigation has shown that when any of the vulcanisable poly- 
sulphide polymers is cured with zinc oxide, or zinc hydroxide since 
traces of moisture are invariably present and have in some cases been 
demonstrated to be essential, a certain amount of zinc sulphide is always 
present after cure. The exact proportion of zinc oxide changing to the 
sulphide during cure has not been determined with a sufficient degree 
of accuracy, on account of the very considerable experimental difficulties 
attending its quantitative separation from the vulcanised mass. 

Obviously then, a certain amount of liydroxyl has been replaced 
by sulphur in combination with the zinc. When zinc hydroxide com- 
bines with sulphur a considerable potentiality for oxidation is displayed. 
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For example, when powdered zinc hydroxide is intimately mixed with 
powdered sulphur and the mixture is heated in a tube, a considerable 
amount of sulphur dioxide is evolved. The complete reaction may be 
represented as ; 

6Zn(OH), + 9 S 6ZnS + 6H,0 + 350,. 

As it has been shown above in commenting on the hypothetical 
structure of the linear polysulphide polymers, the presence of terminal 



— SH groups is a very plausible inference from their synthesis from the 
mcrcaptaiLs. in a way the polymers may themselves be considered, 
according to this hypothesis, to be mercaptans of very high molecular 
weight. 

Considered in thi.s way, if it is showm that vulcamsation of these 
polymers always involves an oxidation, the thought immediately sug- 
gests itself that at the elevated temperatures used a further oxidation 
polymerisation takes place and that the heat cure *’ of these polymers 
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involves only the raising of the average length of the chain to a higher 
level. In other words, two chains, one x units in length, and the other 
y units long, both having — SH end groups may undergo mutual 
oxidation if a terminal group of one happens to be in juxtaposition w'ith 
a terminal group of the other to give, 

HS — X units — SH + HS — y units — SH 
HS — X units — S — S — y units — SH + HjO, 

the two original chains having coalesced through an — S — S — linkage 
to give a similar chain x + y units long. 

This simple hypothesis would “ explain all the phenomena of 
heat vulcanisation as due to increase in the average molecular weight 
or increased degree of polymerisation. While it is probable that this 
hypothesis w^ould account for a part and perhaps a large part of the 
phenomena of heat vulcanisation of the polysulphide polymers, it is 
also probable that other factors than linear polymerisation may play 
a part. For example, the marked increase in resistance to .solvent 
penetration with increased cure would strongly suggest the possibility 
of cross linkages taking place with a ** tieing in ” of the whole stnicture. 

In the present state of the investigation, no mechanism by which 
this cross linking might take place can be suggested. 

Aside from their scientific interest, several of the ehistic polysnlphidc 
polymers have furnished the technologist w*itli very valuable tools, 
because although they strongly resemble rubber in elasticity, capability 
of reinforcement and modification by pigments, and especially in their 
ability to undergo “ cure *' by heat in which they pass from a fairly 
plastic workable mass to a tough elastic final form ; they differ uniquely 
from rubber and its cognate polymers in their chemical stability and 
their resistance to attack by organic solvents and by oxidation. 

Certain of these polymers when properly compounded and cured 
are adaptable for use over a very wide temperature range. For example, 
compounds have been made w’hich were as flexible at 50® F. below zero 
as at ordinary temperatures, and the .same compound underwent no 
appreciable change when immersed in hot lubricating oil for days at 
212^^ F. 

In view of the several hypotheses adv«mced in recent years to account 
for the extension-retraction elasticity of rubber, it W'ould be of great 
interest to properly evaluate the significance of the peculiar analogies 
in physical behaviour of many of the poly.sulphide polymers when 
compared with the characteristic properties of rubber, because in spite 
of the obviously very different chemical constitution of the polysulphide 
polymers, it appears probable that the parallels are so numerous as to 
rule coincidence out of court, and that a more plausible assumption 
under the circumstances is that .some fundamental structural similarity 
and spatial relationship obtain.s. 

On the other hand, the very differences in chemical constitution of 
the rubber-like polysulphide polymers as compared with that of rubber 
and other diene polymers may be of service by shedding an oblique 
light on the subject of what is necessary in the way of chemical structure 
and space relationships to cause a molecule to be rubber-like. 
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Summary. 

A description has been given of certain highly rubber-like linear poly- 
mers derived from dihalogenated hydrocarbons and dihalogenated ethers 
when these compounds are reacted with polysulphides. 

A theory of chemical structure has been suggested based on the 
oxidation-reduction phenomena exhibited by these polymers. 

A partial theory of the mechanism of the heat vulcanization of these 
poly sulphide polymers has been advanced. 
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GENERAL DISCUSSION. 


Dr. R. J. W, Le Fivre {London] s<iid : Ihe reaction between methylene 
dichloride and alkali sulphide solutions having been expressed generally as 
Cl . (Tl, . Cl 4- M,S, ^ — (T1|S, . CHfS, . CHtS, — it becomes of interest to 
remark that an entirely ditferent course is followed when M is XH* from 
that when it i.s Na or K. In collaboration with Mrs. C. CL Le F^vre, an 
exaniinatioii was made some years ago *• * of the reaction between aqueous 
fonnaldehyde (by hydrolysis equivalent to CH|Cl,) and solutions of 
ammonium sulphide or polysulphide When these reagents were mixed, 
a white precipitate was formed after a definite period of induction which 
de|X!nded in a regular manner on the concentrations of the reactants and 
the temperature.* From analysis and various reactions of the substance, 
detailed in the references *• *. the conclusion was reached that it was a 
highly polvmierisetl cotn{K>und built up of units, shown in (lb associated 
together iii much the same w ay as Hess * at one time supposed the glucose 
anhydride units to l>e in cellulose. 

However, all the know n facts are just as completely represented by the 
structure (H), which is now* pro|x>sed. This has the advantage that it 
allows the gradual grow th of macro-molecules to be formulated throughout 
by the accepted mechanisms (aldol additions and w*ater eliminations) of 
current organic chemistry. The recorded physical properties, especially 
the solubiht>% suggests that « is a large number. This a^ees with the 
analytical data *. which rorresponded with an empirical formula 
(CHdjK,S,) (I), inasmuch a,s a considerable number of the intennediate 


CH, 

N- CH, - N 

Jh,- 

(I) 


CH, S CH,~N 


1 


bl. 


. CH,- S- -CH,~-N- 


CH,-S— CH,-N— 1 CH,— S-CH,-NH 


LcH,— S— CH,--N-- J 


Ch, 

.CH,- 

(ID 


* Le F4vre and Le Fdvre. 1932, 1142. ^ Ibid., 1932, 2087. 

* I-e F4vre and Maclcsxl, J.C.S., 193** 474* 

* Hess, $i alia, AnnaUn, 19^3. 435 * 
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(CHt)8N,S, units have to be inserted between the head and tail groups of 
(II) before the percentage of sulphur is lowered and that of nitrogen is 
raised to the order of that found experimentaUy for each of these elements ; 
the variability of analyses with the manner of preparation (3) is also 
directly explicable on a basis of (II), since n should be expected to be 
affected by concentration of reactants, the temperature of reaction, etc. 


THE CONSTITUTION OF HYDROUS OXIDE GELS 

AND SOLS. 

By Harry B. Wkiser and VV. O. MielKtAN. 

Received loth July, 1935. 

Hydrous Oxide Gels. 

Hydrous oxide is the general term applied to gelatinous precipitates 
thrown down from salt solutions when the is above a certain value 
which varies with different salts. The term as we have used it for more 
than a score of years implies that gel water is retained by the colloidal 
particles as a result of adsorption and capillary* forces ; hence the water 
content of a given hy^drous oxide is purely accidental depending on the 
exact method of formation and drydng, the temperature, and the age 
of the sample. A hydrous oxide differs from a hydrated oxide in that the 
water in the latter is chemically' combined in definite stoichiometric 
proportions. Some hydrated oxides like AljOj . H^O and FcjO, . H^O 
give gelatinous precipitates which contain vary'ing amounts of adsorbed 
water depending on the conditions of precipitation. Such preparations 
are designated as hydrous hy'drated oxides. By the apf)licalion of X-ray 
analytical methods, it has been established in a number of cases that 
hy^droxyl groups are present. Gelatinous precipitates of such compounds 
are called hydrous hydroxides. On .standing, the primary* colloidal 
particles of die hydrous oxides and hydroxides grow and lose water 
spontaneously, causing the mass to assume a less gelatinous and more 
granular character. This spontaneous transfonnation from a loose 
voluminous precipitate to a granular nias.s is accompanied by a decrease 
in the solubility, the adsorbability, and the peptizability of the com- 
pounds. 

The view that the hydrous oxide gels consist of colloidal particles of 
oxide or of a simple hydrate with adsorbed and entrained water was 
defended by van Bcmelen ^ almost a half-century ago. This rather ele- 
mentary concept of the constitution of the oxide gels is not accepted 
by certain investigators in thb field. To illustrate the divergent views, 
a few typical oxide gels will be considered. 

The Brown Gel of Ferric Oxide. 

Dehydration Isobars. — The dehydration isobars for the brown gcl 
of ferric oxide, commonly prepared by adding a base to a solution of 
a ferric salt, are smooth curves showing no evidence of the presence of 
hydrates. Typical of such adsor[>tion isobars are the curv'es of Simon 
and Schmidt * which arc reproduced in Fig. i. Curve 1 is for a relatively 

^ Rec, irav. chim,, 188S, 7, 106 ; Die Absorption, igto, 

• Kolloid-Z, (Zsigmondy Festschrift), 1925, 36, 63. 
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coarse sample formed by precipitation from a ferric nitrate solution with 
ammonia, and Curve 2 is for a finer grained sample thrown down from a 
cold ferric chloride solution with ammonia. 

Although the dehydration isobars for the brown gel indicate the 
absence of hydrates, there is a difference of opinion as to how the water 
is held. liOttig ® suggests that the water in hydrous oxides which give 
curv’cs like those in Fig. I, is osmotically bound” water rather than 
water held in capillaries or adsorbed on the surface of the solid phase. 
This concept of osmotically bound water originated as a result of the 
observation that a number of the hydrous oxides giv^e dehydration isobars 
like those in Fig. 1 which can be represented by an equation similar to 
vanT Hoff’.s osmotic pressure law. Assuming that the osmotic pressure 
follows the gas laws, the 
van’t Hoff equation take.s 
the form 

In ^ 



in wliit'h P0 is the vapour 
pressure of pure water ; 
p, the vapour pressure of 
the solution at the same 
1 1 nifM'fature ; «j, tlu? 
juiinbi r<*f dissolved molc’ 
rui* s ; and «, the nunil)iT 
of molecules of the 

<*xide- water sys- 
tt n>> winch give dehydra- 
tion ( ur\*< ^ like those in 
Fiy. 1, the value of 
jinglit Ik ^et equal to I 
^ince the antounl of the 
dry ^ohd phase is con- 
st. ;nt. It was found, 
however, that in order to 
make the equation tit, il 
was IK ( essarv' to multiply 
tl>e lonstaiU numUtr of molecules of dry solid (wi — i) by an association 
or dissociation factor, k. The osmotic law equation thus takes the form 

~ «’ 


Fig. t. 


-Dehydration isobars for hydrous 
feme oxide. 


log' 


where />a is the vapour pressure of pure water which is a function of the 
temperature ; />, the constant vapour pressure at which the dehydration 
is earned out ; «, the water content of the solid phase ; and A, a constant. 
-Applying this equation, the value of k has been found to be constant and 
equal to approximately 4 lor the dehydration of hydrous airconia and 
of hydrous thoria ; 2, for hydrous titania ; 3, for certain hydrous ferric 
oxides ; I, for hydrous lead peroxide ; 3 or 7, for white hydrous tungstic 
oxide, etc, On the basis of these ob$er\'^ations it was assumed that the 
water is osmotically bound by the solid phase. Tliis means that oxide- 
^^*aler systems which obey the modified osmotic law are in reality solid 


^ Fortschy. Physik, physth, Ckem„ 1924, 18, 5 ; Kolhid-Z., 193a, $8» 44* 
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folutiofis in which the water is free to move about in the solid phase. 
Ilydtous oxide gels like alumina, chromic oxide, certain samples of ferric 
oxide, etc., which give dehydration isobars that do not obey the modified 
osmotic equation, are assumed to be mixed typ>es in which only a part of 
the water is osmotically bound, the remainder being held in capillaries 
or adsorbed on the surface of the solid. Similarly, a definite crystalline 
hydrate like yellow tungstic oxide monohydrate which gives a dehydration 
isobar without sharply defined steps, is assumed to be a mixed type in 
which a part of the hydrate water is chemically bound in the orthodox 
sense and a part is free to move throughout the crystal lattice of the solid 
phase. 

Although Hiittig has shown that the dehydration isobar of certain 
hydrous oxides may be represented approximately by a modified form 
of the osmotic equation, it does not follow that in such cases the water 
is in solid solution in the oxide. In the first place, one would expect to 
get the same general type of curve for the gradual loss of adsorbed water 
with rising temperature. Indeed, the dehydration isobars for hydrous 
ferric oxide, hydrous zirconia, etc., may be represented by an adsorption 
equation of the Freundlich type.^ Moreover, many typical hydrous 
oxides give curves which may be represented by the adsorption equation 
and which do not fit the modified osmotic equation. It does not follow 
necessarily in either case, that conformity of results w^ith the equation 
is proof of the correctness of the assumptions on which the equation is 
based. 

Dehydration Isotherms* — ^The dehydration isotherms of the bro^m 
gel are in general smooth curves which give no indication of hydrate 
formation ; but Thiessen and Kdppen * obtained isotherms with breaks 
indicating the formation of 8 to lo different hydrates during the dehydra* 
tion of a ferric oxide gel resulting from the hydrolysis of ferric ethylate. 
The experiment.s of Thiessen and Kdppen have been repeated • and ex- 
tended under very carefully controlled conditions which allowed ample 
time for equilibrium conditions to be set up. A typical set of isotherms 
which show no indication of breaks is reproduced in Fig. 2. 

Foote and Saxton ’ attempted to determine the manner in wiiich 
water w'as held, by obser\dng the volume changes on freezing the pre- 
cipitated oxide. They came to the conclusion that the water which 
freezes gradually with falling temperature is held in capillaries, whereas 
water which cannot be frozen is in the ** combined or ** bound ** state. 
The ** combined ” water is given up slowly on heating the precipitate 
with water, with no tendency toward simple ratios between ferric oxide 
and water ; and when once dehydrated, the material does not take up 
water to form hydrates. It was assumed, therefore, that the ferric oxide 
and water ** combine ” in indefinite proportions, which is essentially a 
case of solid solution rather than of adsorption. It i$ now known that the 
failure of gel water to freeze at a certain temperature is no criterion for 
determining whether water is dissolved or adsorbed.* 

Willstfitter and co-workers • claim that the water in the gel is held 
in part as chemically combined hydrate water and in part as adsorbed 

* KoMUatchtmie, 1930. § 7 . anorg. Chmi., 189 , Ity 

• Weiser and Milligan : y. Physic, Chem., 1935, 39, 25. 

’y. Am. Chem. Soc„ 1916, 38, 599 ; 1917, 39, 1108. 

•Cy, Jones and Gortner * J, Physic, CA^rm., 1932, 36, 424 ei ; Kiitler^ 
Ji$p0rM ai Meeting 0/ ihe Amefican Chemical Society ^ April, 1933. 

1924, 87B, 1082. 
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water in capillaries. They claim to be able to remove the latter by 
washing with acetone, leaving definite hydrates the composition of which 
depends on the conditions of drying. These claims are not justified 
even by Willstattcris experiments, and they arc not taken senously bX 
many investigators (c/. section on stannic oxide gel). 

X-ray Observatioiia. -X-ray studies * on precipitated feme oxide 
confirm and extend the results of dehydration expenments. A gel thrown 
down at room temperature was washed free from chloride with dilute 
ammonia and after washing ^ith water, separate portions were allowed 
to stand at room temficrature «ind at 100® The ageing was followed 
by examining samples at inter\alb by X-ray diffraction methods In 
Plate I, 3, are reproduced the densitometer curves of the X-ray negatives 
for the oxide aged at 100® These shew the gradual transformation 
of the gel into relatively large cry‘^taIs of bnek-red hematite, ot-FcjO, 
Similar changes take place at room temperature but the progress is slower. 



1 10 2.- I>eh\dratton iwtherms fui h>drous feme oxide from the bydic^ysis 

of feme eth\ late 


The above observations indicate that the transformation from brown 
gel to brick-red precipitate consists in the growth of particles too finely 
divided to give a characteristic X-radiogram into crystals of ot-FejOj 
large enough to give sharp diffraction lines This growth takes place 
slowly at room temperature but more rapidly at high temperatures. 
<ieh thrown doam at lOO® give at once the a-Fe^O) pattern and a gd 
piccipitated at 50® and aged for a fear hours at this temperature gives 
broad diffraction bands corresponding to It would appear 

therefore that the brown gel of ferric oxide contains no hydrate but con* 
sists of extremely minute particles of flt-Fe* 0 , with adsorbed water. 

Krause and his collaborators claim the existence of ortho- and meta* 
hydroxides of iron as well as a variety of products of ageing from a pro* 
cedure which involves the synthesis of silver ferrites. Krause assigns 
definite molecular structures to the freshly formed gets and interprets 
the changes as a result of polymerisation, nng closure, aggregation, oi^gen 

onoff. Cksm , X93a. 20, 385 ; ao(l» 328 ; JOS* aSa ; X 933 » 3 ti» 9ft : 
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bridging, etc. This view would appear to be of limited applicability 
even if one grants that the evidence demands such a formulation as Krause 
proposes for those gels which are too finely dispersed to give the a-Fe203 
diffraction pattern. 

The Alumina Gel. 

The constitution of the gel thrown down from an aluminum salt 
with ammonia has been the subject of considerable controversy since 
Willstatter and Kraut claimed to get a series of definite hydrates by 
precipitating aluminum sulphate with ammonia under varying conditions. 
A precipitate which Willstatter prepared by mixing I 1. of I N Al2(S04)3 
at 100® and i I. of 6 NH4OH at 50®, followed by conducting in steam 
for five hours, was a pale yellow plastic mass A ; without the steam 
treatment, it was a ver>' pale yellow plastic mass B ; with more dilute 
ammonia it was a pure white, very voluminous, and vcr\' finely divided 
substance, C. An intermediate variety b, prepared by the dialysis of 
aluminum chloride with frequent additions of small quantities of am- 
monia, was claimed to be related chemically to B but resembled A in 
adsorptive power ; a modified fonn of C precipitated at 60® had an ad- 
sorptive capacity similar to B ; and a new form of A claimed to he 
AI2O3 . 2H2O was obtained by cariydng out the precipitation at ap- 
proximately 50®, washing by decantation four times, followed by the 
addition of 15 per cent, ammonia and further washing by decantation 
until peptisation started. As a result of dehydration experiments with 
the gels, Willstatter claimed to get various hydrates wiiich gave certain 
temperature intervals of almost constant water content. Thus pre- 
cipitates obtained at low hydroxyl ion concentration and washed with 
acetone which was tacitly assumed to remove adsorbed water, analysed 
approximately for trihydratc ; and precipitates obtained with excess 
ammonia in the hot gave what were assumed to be poly-aluminum 
hydroxides such as 2A1(0H)5 . HjO, 4Al(0H)g . 3H2O, and so on up to 
8A1(0H)3 . 7H2O. X-ray analysis of the several preparations in tlie 
author's laboratoiy showed that most of Willst<itter\s alleged hydrates 
have no existence in fact. Thus the preparations A, B, C, and new A 
all gave the X-ray pattern of the monohydrate, y-AljO, . HgO. 

Since the gels formed by Willstatter's procedures by precipitation 
at 50® or above are hydrous y-AljOg . H2O, it seems probable that the gels 
thrown down at room temperature are likewise hydrous monohydrate. 
In support of this Rooksby obtained diffuse y-AljOj , H3O lines from a 
gel thrown down at room temperature and Havestadt and Frickc found 
the same thing for a gel precipitated at o® and washed eight hours by 
decantation. 

On ageing at room temperature hydrous y-Al203 . H2O goes over 
spontaneously into the meta.stabic trihydrate a-AljOa . 3H2O or bayerite 
and thence to tlie stable y-Al208 . 3H2O or gibbsite. Since the X-ray 
diffraction patterns of trihydrates obtained by different people are not 
always the same but are similar in certain rcvspects to the gibbsite pattern, 
we believed at one time that the samples were mixture of y-AliO, . 3H2O 

1923, 56B, 149, 1117 i » 924 » 57®, 1082 ; 1925, 58B, 2451. 

^•Willstatter, Kraut, and Humme, Bet., 1931, 64B, 1697. 

Weiser and Milligan, /. Physic. Cfum., 1932, 36, 3010 ; cf, BilU and Lehrer 
Z, anorg. Chem,, 1928, 172, 304, 

, Trans. Ceram. Soc. England, 192% 28, 399. 

^‘ 2 . anorg. Chem., 1930, 18S, 357, 
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and a-Al208 • HjO in varying proportions. It is now known, however, 
that samples of the metastable isomer a-Al^Os . 3H2O are likely to contain 
more or less of the stable isomer, and that this apparently accounts for 
the differences in the bayeritc patterns obtained by different investigators 
and the presence in them of lines corresponding to y-Al203 . 3H2O. In 
a study of the transformation from monohydrate to trihydrate by isobaric 
dehydration and X-ray diffraction methods, Hiittig was led to conclude 
that a continuous series of crystalline hydrates between the two extreme 
compositions are formed. It is much more probable that the intermediate 
products were not definite chemical individuals as Hiittig suggests but 
were mixtures of y-AlgOj . HgO, a-Al203 . 3H2O and y-Al203 . 3H2O in 
varying amounts depending on the conditions of precipitation and the 
age and treatment of the sample. 

Although the existence of y-Al203 . HgO has been definitely established 
it does not give a “ step dehydration isobar. Moreover, in the dehydra- 
tion of gibbsile, y-Al203 . HjO is formed as an intermediate product but 
one would never 
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alumina gel and Fig. 4 .— Dehydration isobars for y-Al,0, . jHjO. 

of alumina tri- 

hydrates calls for special consideration.^* 

Application of the phxsc rule to the two-component system hydrate- 
oxide-water vapour, shows that the system should be univariant. The 
type of isobar is given by the. lines AB and BC in Fig. 4. Theoretically, 
the curve should drop to zero composition at a definite temperature, 
but actually the isobars arc usually rounded off as shown in the figure 
by the line ADC, This is due to loss of part of the water below the 
true decomposition temperature of the mass of the hydrate on account 
of lattice distortion, strain in the crystals, and variation in cr>'stal size. 
Now if the oxide formed by the dehydration of the hydrate is highly 
hygroscopic, it wdll adsorb most of the water vapour. Hence tlie actual 
dehydration measured is the loss of adsorbed water from the oxide. In 
such cases a bivariant type of curve is to be e3q)ected, as shown by the 

** Weiser and Milligan, /. Physic. Chum,, 1934, 3 ®* ^^ 75 - 

and Wittgenstein, Z, anorg. Ckem., 1928, 171, 329; Htlttig and 
Kosteiitx, ilnd„ 1930, 187* ix. 
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solid line AE in Fig. 4. It is precisely this last type of curve which 
Fricke and Severin obtained for both a- and y-Al208 . HjO, 

The loss of water by a hydrate below a definite decomposition tem- 
perature is attributed by Damerell to surface dehydration of extremely 
minute crystals, without lattice rearrangement. This view is unsatis- 
factory since one gets a similar form of curve even with macroscopic 
crystals. As already pointed out, Hiittig explains the absence of sharply 
defined steps in the dehydration isobars of hydrates by postulating that 
a part of the definite hydrate water is ** osmotically bound.” This 
view appears less tenable in the case of definite hydrates than in the case 
of gels of the anhydrous oxides. 

We can now explain the persistence of the X-radiogram of the 
monohydrate where it would ordinarily not be expected to exist. The 
X-radiogram for the monohydrate should persist along the broken 
curve because some monohydrate exists as such and the extremely 
hygroscopic y-Al203 formed by partial decomposition of the former 
is either amorphous or too finely crystalline to be detected by X-ray 
analysis. 

In a higher hydrate decomposing first into a lower hydrate and finally 
into the anhydrous substance, it is apparent that, under the conditions 
noted above, the isobar will fail completely to detect the lower hydrate. 
In Fig. 4 the theoretical curves for the case of a trihydrate decomposing 
to a monohydrate and this in turn to the oxide are given by the broken 
lines FGHBC. The actual experimental curve as obtained by Weiscr 
and Milligan is given by the solid line. The composition of the tri- 
hydrate remains constant until at point F some water is lost, giving a 
small amount of water vapour and monohydrate. As this process 
continues along FKH^ all the trihydrate decomposes rapidly, giving 
monohydrate. Now at this temperature the lower hydrate loses water 
to point Oy and hence the line FKH continues past the theoretical com- 
position of the monohydrate to the point 0 , This decom{>0!rition of 
the monohydrate gives the highly adsorptive y-oxide, the presence of 
which causes the dehydration to proceed along the line HOE for the 
reason given above. 

Stannic Oxide GeL 

By drying different precipitated stannic oxides under suitable con- 
ditions, a number of supposedly definite oxide hydrates w^crc formed. 
The vapour pressure isotherms of van Bemmclcn ' failed to establish the 
existence of any definite hydrate in the gel and suggested that com- 
positions corresponding to a hydrate were purely accidental. Van 
Bemmelen’s observations were confirmed and extended and his con- 
clusions reaffirmed by Lorentz,*® Mecklenburg,*^ and Weiser.** In 
recent years, however, Willst^tter and his collaborators ** adopted the 
older view that the behaviour of the variety of oxides could be explained 
best by assuming the existence of more or less stable hydrates. Will* 
s tat ter claimed to remove all the adsorbed water from a compound by 

Z. anorg. Chem., 1932, 305, 287. 

** Damerell. J. Physic, Chem., 1931, 35, io6i ; Damerell. Hovorka. and White. 
ih%d., 1932, 36. 1255. 

Z. anorg. Chem., 1895. 9, 369. 

\\ 368 ; 1912. 74. 207 : 1913, g4, xai. 

J. Phystc. Chern,, 1922. a6. 654. 

« Ber., 1924. S 7 B, 63, 1491 : 1926, S9B, 2541 ; KMoid^» 1929. 4 *. 353 - 
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drying rapidly in vacuum or by leaching with acetone. The composition 
of a gel formed in a special way, and dried by the acetone method at 
— 35** to + JO®, was represented by the formula Sn(OH)4 . H^O ; but 
when dried at room temperature the analysis showed a composition 
Sn{OH)4, which was regarded as the first member of a series of a-stannic 
acids. In an aqueous medium, Sn{OH)4 was supposed to go over into 
other less basic members of the series. Thus by suitable conditions of 
precipitation and drying with acetone at o® to lO®, orthodistannic acid 
w^ supposedly formed ; at 35® to 46®, orthotristannic acid ; and so on. 
Different so-called / 3 -stannic acids were likewise prepared and many of 
them assigned formulas. 

As proof of hydrate formation, Willst^tter cites the regions of almost 
constant water content in the temperature-composition curves of acetone- 
dried preparations. Such evidence is altogether inconclusive, partic- 
ularly vrhen the nature and location of the “ fiats ** in the curves are 
determined almost exclusively by the history of the sample. The same 
may be said of the ** fiats " in the vapour pressure curves of van Bemmelen. 
The adsorptive capacity of a hydrous oxide for water at different stages 
of dehydration is determined by tlu* physical character of the prepara- 
tion ; hence a “ flat corresponc aig to a definite hydrate is purely 
accidental and can be duplicated only by following a set method of 
procedure in precipitation, ageing, and dr\ang. WillstMter’s comparison 
of the behaviour of hypothetical, high-molecular, hydrated, stannic 
acids with their groups Sn : O and Sn . OH, to that of carbohydrates with 
the groups C : O ajul C , OH, appears highly fantastic and illusionary. 
As Posnjak points out : “ WillsUtter and his collaborators did not 
bring forth a single new fact, but rather take the problem back some 
fifty years ;ind only add to the confusion.” 

Fortunately, Posnjak was able to settle the question of the com- 
position of the so-called a- and j 3 -stannic acids by the aid of X-ray 
diffraction analysis. Siimples of the so-called a- and j8-oxides were 
found to give identical diffraction patterns which in turn were identical 
with that of the mineral cassiteritc — anhydrous stannic oxide. This 
result has been confirmed by Fdrster and by HOttig and Dobling,^^ 
so that the (acts are quite well established. The «- and jS-stannic oxides 
are not isomers but are structurally the same : stannic oxide with more 
or le.ss adsorbed water. The differences in properties are due to the 
size and extent of coalescence of the primary particles into secondary 
aggregates. Similar conclusions were reached by Pascal from measure- 
ments of the molecular susceptibilities of various preparations. 

In spite of the conclusive nature of the evidence against the existence 
of isomeric fonns and hydrates of stannic oxide, Thiessen and Koemer ** 
claim that a stannic oxide gel prepared by the slow^^ hydrolysis of an al- 
coholic solution of stannic ethylate gives pressure-temperature and 
compasit ion -temperature curves that indicate the formation of no less 
than six definite hydrates. This could not be confirmed in the author’s 
laboratory •• as shown by the dehydration isobar given in Fig. 5. together 
with similar isobars for typical a- and / 3 -oxsdes. In every case, smooth 

FAystc. Ckem,, 1926, 30, X073 ; Yamada, y. Ckem. Soc, Japan, 1923, 

44 t -210. 

Pky$ih, 1927 1 151 ; Havestadt and Fricke Z. anorg, Ckem., 1930, 

357 - 

1927, 60B, 1029; Gatbier, HOttig and BObling, ibid,, 1926. 1232. 

Comfd mtd., 192a. 175* 1063. *• Z, immg, Chim., 1931. I 95 t S3. 

** Weber and Milligan, y. Physic, Cham,, 1931. 36, 3030. 
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curves were obtained indicating the absence of hydrates. The change 
in direction at a temperature of 6 o°- 70 ® with the oxide made by TWessen 
and Koemer’s method is not due to a hydrate but to the presence of 
adsorbed alcohol in the sample. The breaks in the curves of Thiessen 
and Koemer appear to be the result of faulty technique, possibly the 
failure to allow sufficient time for equilibrium to be established under 

a given set 
of conditions. 
Finally, X-ray 
diffraction pat- 
terns of samples 
obtained by 
dehydrating 
Thiessen and 
Koemer’s gel at 
definite tem- 
peratures, show 
that no definite 
hydrates are ac- 
tually fonned : 
the several 
alleged hydrates 
were found to 
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with varying amounts of adsorbed water. 

From the above and other similar observation.s it is concluded that, 
for the most part, gelatinous precipitates of the oxides are not polymerised 
bodies or condensation products resulting from the splitting off of water 
from hypothetical metallic hydroxides. Instead, they are believed to 
consist of an agglomerate of extremely minute cry.stals of oxide or of 
a simple hydrate (or hydroxide) w*hich holds large amounts of water by 
adsorption and capillary^ forces. 


Hydrous Oxide Sols. 

Hydrophobic sols such as those of the hydrous oxides can be prepared 
fairly free from electrolytes but it was demonstrated first by Thomas 
Graham and confirmed repeatedly thereafter, that in the absence of 
protecting colloids, some electrolyte must be present in the sols to ensure 
their stability. Thus ferric oxide sol formed by hydrolysis of ferric 
chloride or by peptisation of the hydrous oxide by ferric chloride always 
contains traces of chloride however long the dialysis is continued. 

The presence of chloride in the dialysed sols led Wyrouboff and 
Verneuil to suggest that the variou-s preparations contain basic salts 
or chlorides of “ condensed *’ hydroxides. This idea was further extended 
and developed by several investigators especially by Duclaux, Malfitaiio, 
Hantzsch and Desch, and Linder and Picton. The view that the oxide 
sols are oxy salts or basic salts meets with serious objection at the 
outset since definite chemical oxychlorides or basic chlorides are seldom 
encountered. No oxychloride of aluminium has been established with 

Bull, soc, chim., 1699, {3). ai, 137. 
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certainty and but one ferric oxychloride has been identified, the com- 
pound FeOCl prepared by Stimemann by heating a solution of ferric 
chloride in a bomb tube between 270® and 410°. The idea that Graham’s 
ferric oxide sol contains a basic salt gained support from Bohm’s ** 
observation that the particles in an aged sol gave an X-radiogram for a 
basic salt identical with that said to be obtained by the slow hydrolysis 
of ferric cldoride. It has been established ** however, that the alleged 
basic salt is in reality jS-FejOj . HjO wdth varying amounts of adsorbed 
chloride depending on the conditions of formation and the treatment. 

Pauli considers the colloidal particles to be complex colloidal ions 
resulting from ionisation of complex electrolytes allied to the Werner 
compounds. Since the constitution of a given sol varies with the con- 
ditions of preparation, he represents it by a general formula. In the 
case of ferric oxide sol this is (ArFe(OH)3 . yFeOCl . FeO)'^, Cl*” in which 
— 32 to 350 and y 2*16 to 18 in sols formed by peptisation and x —33 
to 150 and y -= 4 to 57 in sols formed by hydrolysis. It is difficult to 
justify this formulation since no one has established the existence of 
Fe(OH)3, and FeOCl is obtained only under special conditions in a bomb 
tube at elevated temperatures. 

Thomas and co-workers J^ugge^t that the dispersed phase in hydrous 
oxide sols such as alumina sol formed by peptisation of the gel with hydro- 
chloric acid, consists of olated and possibly oxolated aluminum oxy- 
chloride complexes of the Werner type resembling the poly-ol basic 
salts formulated by Bjerrum. This assumption was made to account 
for the observ^ation that the value of the sol is raised by the stepwnsc 
addition of neutral electrolytes, the anion order being : oxalate > 
acetate > sulphate > halides > nitrate. The increased value was 
attributed to replacement of OH groups by the anion of the added salt, 
fallowed by the union f)f tlie displaced OH radicals with hydrogen to 
form water. 

Since hydrous oxide sols formed in the presence of chloride, say, 
always contain more or less chloride, Thomas believes that such sols 
should be designated ns metallic oxychloride sols rather than as hydrous 
oxide sols. He recognises that the term ferric ox>xhloride hydrosol is 
objectionable since it connotes a definite chemical compound when no 
such meaning is intended. Nevertheless he prefers to regard the hydrous 
oxide sols im oxysalt sols since the colloidal particles are not pure hydrous 
oxides. To be consistent, one should rename the metallic sols and the 
salts sols which like the oxide *<015 are not pure insoluble metal or s;dt. 
It difficult to see what would be gained by introducing such a change 
in our terminolog>\ The ratio of iron to chlorine in a ferric oxide sol 
has iHjen variously reported as 6, 42, 84, 396, 2 ? 0 O and higher. To 
designate a sol with a low chloride content as an oxychloride sol is like 
calling precipitated barium sulphate a chlorosulphate because it con- 
tains some adsorlx^d barium chloride. 

It is now quite generally recognised that the stability of a positive 
silver halide sol is due to the preferential adsorption of silver ion by un- 
.saturated secondar>' valence forces on the surface of the cr^-stals. The 

** Jakrb. Mineral., Geol., 1925. saiA, 356. 

anarg. Chew., 19^5. 149, 219. 

Weiser and Milligan, /. Jm, Chem. Sac., 1935. 57 * -^ 3 ®* 

** Pauli- Valko. EUktrochemie det Ktdlouie, 1929. 

/. Physic, Ckern,, 19^1 27 ; /. 4 m. Chem. Sac., 1932. 34, 841 ; 1934, 5^ 

794. 1544. 
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crystals will also contain some adsorbed silver nitrate. Similarly a 
hydrous oxide sol formed in the presence of metallic chloride, hydro- 
chloric acid, and their corresponding ions, will contain varying amounts 
of the several components depending on the precise method of formation 
and the purification of the sol. The positive charge on a given sol is 
due to the preferential adsorption of hydrogen and metallic ion on the 
surface of the hydrous oxide just as the positive charge on a silver halide 
sol is due to preferential adsorption of silver ion. It is unnecessary to 
attribute the charge to the presence of an “ ionogenic complex attached 
to the surface ” (Pauli) unless the presence of such a complex has been 
rendered highly probable. Thus to assume the presence of even a simple 
salt like FeOCI in a ferric oxide sol goes well beyond the established 
facts. 

Some light has been thrown on the constitution of hydrous oxide 
sols, indirectly from observations of the phenomena which occur during 
the coagulation by electrolytes and directly from X-ray diffraction 
studies. These will be illustrated by a few specific examples. 

Titration of Sols with Salts. 

Linder and Picton showed that chloride ion passes into solution 
by exchange with sulphate when a ferric oxide sol prepared from ferric 
chloride is coagulated by potassium sulphate. This observation has 
been confirmed and extended by Pauli who regards the precipitation 
process as a chemical reaction wnth the formation of an insoluble salt 
which he formulates as follow^s : 2[(A'Fe(OH)3 . yFeOCl . FeOjCI -f 

K^Oi = [ArFe(OH)3 . yFeOCl . Fe0],S04 + 2KCI. Such a formulation 
fails to take into account the fact tliat the alleged insoluble chlor-sulphate 
does not precipitate like simple insoluble compounds do, but comes down 
all at once after a critical concentration of sulphate is added. This 
and other phenomena observed when precipitating electrolyte is added 
stepwise to the sol indicate the inadequacy of the solubility theor>'. 

In the coagulation of positively charged sols formed from metallic 
chloride, the precipitating anion b taken up by the particles in exchange 
with chloride. Rabinovich and Kargin followed the change in the 
chloride ion concentration potentiometrically on adding sulphate and 
other anions stepwise to a definite amount sol. Since they failed to 
allow time for equilibrium conditions to be e.stablished, erroneous con- 
clusions were drawn from their observ^ations.**' To overcome this ob- 
jection the following procedure has been employed in the author’s 
laboratory : Pure freshly precipitated calomel was suspended in the 
aged hydrous oxide sol. A 20-c.c. portion of the sol was placed in the 
outer compartment of a glass mixing apparatus and a definite amount 
of electrolyte diluted to 5 c.c. in the inner compartment. After mixing, 
the mixture was transferred to a small bottle which was kept in the 
thermostat at 25® for 2 days, shaking at intervals to saturate with 
calomel. The mixture was then placed in an electrode vessel consisting 
of a 30 c.c. weighing bottle in the bottom of which was sealed a platinum 

*• /. Chem, Soc., 1905, 87, 1908. 

Pauli and Matula, KoUoid-Z,, 1917, ai, 49 ; Pauli and Rogan, ibid,, X 934 » 
ZB$ 13* ; Pauli and Walter, Kolloid-BeiheJU, 1923. 17, 236. 

physik, Chsm., 1928, 133A, 203; Rabinovich and Fodiman, %hiA„ 
1932, igpA, 403. 

« Weiier and Gray. J, Physic, Chem,, 1932. 36, 2178. 
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wire making contact with mercury in the bottom of the vessel. After 
24 hours the potential of the resulting half>element was measured against 



N/io cicctrciytc added, cc. 

Fig. 6. — Titration curves for ferric 03dde sol with electrolytes. 

H standard calomel electrode. A series of such half-elements was made 
with the amount of electrolyte increasing stepwise. Some ol>ser\"ations 
on the titration of a ferric oxide sol containing 435 millimols Fe^O, and 
i6*6 millimols 
Cl per litre « 
arc shown in 
Fig. 6. Similar 
observations ^ ^ 
were made on ^ 
alumina sols 
and, at the ^ 
same time, the 
change in the iA 
pfi value fol- 
lowing the 
stepwise addi- o le 
don of elcc- ^ 
trolyte was 8 
determined, c jo 
Typical results 
are illustrated 
in Figs. 7 and 5 e 
8. In Fig. 7 «- 
are given 
the titration ^ 
curves with 
KfCjO, for « K.CtO, added 

an alumina sol Ftc. 7. — ^Titratioa carves lor ’* grown ** alomina sol. 
foimedbypep- 

tising “ grown '* alumina with dilute HCL In Fig. 8 are given typical cunm 
showing the simultaneous displacement of chloride and adsorption 
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of sulphate by a Graham alumina sol. The precipitation value is indi- 
cated by the short vertical line. 

Observations of the above and other phenomena which take place 
during the coagulation process may be summarised as follows : (i) At 
the precipitation value of potassium salts of multivalent ions, the chloride 
in the supernatant solution is equivalent to or but little greater than 
the amount of added electrolyte. (2) Only a part of the chloride that 
is found in the supernatant solution after precipitation, can be detected 
potentiometrically in the original sol before adding electrolyte. Not 
all the chloride in the micelles is displaced by an excess of precipitating 
electrolyte. {3) The chloride measured potentiometrically, following 

the stepwise ad- 
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N/^ K45O4 Added . cc 

Fig. 8 . — Curves showing simultaneous displacement of 
chloride and adsorption of sulphate on titrating alumina 
sol with K,S04. 


dition of electro- 
lyte, consists of 
the chloride in 
the .sol originally, 
together with 
an additional 
amount that is 
displaced wdien 
the added anion 
is taken up. 
(4} The multi- 
valent ions in- 
vestigated arc 
taken up practi- 
cally completely 
by the sol parti- 
cles in concen- 
trations up to 
and including 
the precipitation 
concen t rat ion. 
The chloride dis- 
placed so that it 
be detected 
potentiometri- 
c.illy is less than 
half tlie amount 
equivalent to 
the multivalent 


ion taken up* 


(5) The amount of chloride di.splaccd follows nearly a linear course at the 
outset of the stepwise addition of multivalent ions but l>ccomes propor- 
tionately greater as the precipitation concentnuion is approached. (6) The 
chloride displacement curves for multivalent ions of varying valence follow 
a similar course until the precipitation concentration is approached, 
when a marked divergence for ions of different valence is observed. 
{7) The three salts of divalent anion.s exhibit a strikingly similar behaviour 
as regards the entire course of the chloride displacement curves and the 
precipitating power. (8) The trivalent ferricyantde coagulates at a 
distinctly lower concentration than the divalent ions, and the chloride 
displaced at the precipitation value is proportionately lew with the 
former than with the latter, (9) The chloride displacement curve with 
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potassium salts of univalent ions, such as nitrate, follows a coirse dis- 
tinctly lower than that for the multivalent ions. (lo) The pn value of 
the sols is increased by the stepwise addition of salts, the effect being 
more marked with salts possessing a buffer action such as acetate, citrate, 
and oxalate. 

To account for the above results it is assumed that the constitution 
of the positive sol may be represented diagrammatically as shown in 
9 ^ taking alumina sol as an example. Tliis indicates that the par- 
ticles are essentially hydrous alumina monohydrate but since they con- 
tain some chloride that is difficult to displace the composition which varies 
w'ith the condition of formation is represented by some point in the 
three component diagram . HCI . H^C) which may be represented 

symbolically as xAl^O, . HjjO . vHCl . dl,0. Since the oxide show's 
such a strong tendency adsorb aluminum and hydrogen ions as com- 



I to. g, - Diagrammatic representation of the constitution of alumina sol: 
{d) liefore and (6) after the addition of sulphate. 


pared with chloride, the particles are surrounded by an ionic double 
'ayer with the cations in the inside and chloride on the outside. The 
inner portion consists of adsorbed aluminum and hydrogen ions in 
adsorption equilibrium with the corresponding cations in the intermicellar 
liquid. The outer portion consists of a diffuse layer of chloride ions 
most of which arc heKl by the electrostatic attraction of the adsorbed 
positive inner layer but u part of which, because of relatively higher 
Wnetic energy exert sufficient osmotic repulsive force against the attrac- 
tion of the inner layer to influence tlic calomel electrode and so may be 
detected potentiamclrically. The latter arc repre-sented in the dii^am 
fieyond the dotted cin le. 

This diagrammatic representation of the structure of the micelles 
indicates (i) its variability in composition as regards its water and chloride 
content, (2) the source of its positive charge, and (3) the reason only a 
part of the chloride can be detected potcntiometrically. 

Gouy, /. Physiqui, 1910, (4). 9, 457, 
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On adding a coagulating electrolyte such as potassium sulphate to 
the sol, the divalent sulphate being more strongly adsorbed than chloride 
forces itself into the double layer closer to the adsorbed hydrogen and 
aluminum ions as indicated diagrammatically in Fig. gb. Potentio- 
metric analysis enables one to determine the chloride displaced. The 
difference between the chloride in the sol originally and that after the 
addition of sulphate, in other words, the displaced chloride, is not equi* 
valent to the adsorbed sulphate since a part of the sulphate which enters 
the layer corresponds to chloride measurable potentiometrically in the 
original sol. 

The adsorbed sulphate lowers the potential on the particle in the 
following way : A sulphate ion has the same average kinetic energy as 
a chloride ion but it possesses double the charge. Accordingly, if one 
assumes for the moment that the valence only determines the adsorb- 
ability, the divalent particles in the outer layer would be drawn closer 
to the inner layer and the thickness of the double layer would be de- 
creased. Since the potential difference between two layers of opposite 
sign with constant charge density is directly proportional to the distance 
between them, it follows that the reduced thickness of the layer will 
be accompanied by a decrease in potential on the particle. 

Since with ferric oxide sol the three divalent ions : sulphate, oxalate, 
and chromate, exhibit such a strikingly similar behaviour in displacing 
chloride and in reducing the potential to the coagulation value, it follows 
that with these three ions the valence is the most important factor deter- 
mining the adsorbability. 

The behaviour of trivalent ions such i\s fcrricyanide would follow 
from what has been said. The ions having the same average kinetic 
energy but with three charges will be drawn closer to the inner layer 
than the divalent ions, and the further reduction in thickness of the 
double layer manifests itself in a lower precipitation value. The chloride 
ion displaced is obviously less, since less ferricyanide than divalent ion 
needs to be adsorbed to lower the charge on the particles to the coagulation 
value. 

The adsorption of both the divalent and trivalent ions is sufficiently 
great that the amount necessary to cause coagulation is practically com- 
pletely adsorbed. 

The lowering of the potential on the panicles results in coalescence 
and agglomeration of the particles with a consequent decrease in specific 
surface. This manifests itself in an increase in the amount of chloride 
displaced for a given increment in the multivalent ion added as the 
region of rapid coagulation is approached. Hence the upw^ard bend 
in the chloride-displacement curve with multivalent ions, becomes more 
marked in the region of rapid coagulation. Above the coagulation 
point, the chloride is displaced from the precipitate by exchange adsorp- 
tion without any marked decrease in specific surface, and the cun^e 
follows the usual course of the adsorption isotherm. This combination 
of conditions accounts for the S-shape of the chloride-displacement 
curve with all electrolytes having a high precipitating power and causing 
rapid coagulation above a critical concentration. 

The increase in the -value of hydrous oxide sols on adding a neutral 
salt especially those with multivalent anions, is doubtless due chiefly 
to the increased adsorption of hydrogen ion in the presence of a strongly 
adsorbed anion. This increased adsorption of cations in the presence of 
strongly adsorbed anions is a general phenomenon that has been observed 
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with various types of adsorbents such as carbon and fibres as well as 
with the hydrous oxides. With salts such as citrates, oxalates and 
acetates, buffer action increases the value of the sol-electrolyte 
mixture above that of the sol alone. Iyer ** accepts our formulation of 
the constitution of certain oxide sols but suggests that the outer layer 
may contain hydroxyl ions as well as chloride ions. The displacement 
of the former on titrating with neutral salts would account for the 
increase in value of the mixture. 

X-ray Diffraction Studies. 

Since X-ray diffraction studies have proven helpful in determining 
the composition of gels it wiis believed that similar studies on sols might 
give direct evidence of the constitution of the colloidal particles in the 
sols. The chief complication in the examination of such systems is 
the relatively low concentrations of the solid phase and the scattering 
of the X-rays by the water in the samples. Bdhm and Niclassen 
showed that the gels from certain oxide sols were not amorphous but 
in most cases it was not stated whether the air-dried or moist gel was 
examined. Since Thomas believes that the elements of water in certain 
oxide sols are combined in the form of f>oly-ol basic Werner salts, it is 
not permi.ssible to air-drv' the samples before examination. On the 
( ontraiy, the sols must be studied directly, or the undried gel obtained 
preferably by ultrafiltration of the sols mu.$t be examined. The first 
experiments were carried out with the gels obtained by ultrafiltration of 
the following typical sols : (i) Hydrous alumina sols formed by peptisa- 
tion with hydrochloric acid of (a) the gel thrown down at lOO^ from 
aluminum chloride solution with ammonia, and {b) the gel formed by 
the action of hot water on amalgamated aluminum. Thomas* procedure 
in making the sol from amalgamated aluminum employed. 

^2) Hydrous stannic oxide sols prepared by the method of Zsigmondy. 
{3) Hydrous indium oxide trihydrate sol obtained by peptising the 
precipitated gel with hydrochloric acid. 

The X-Hiv diffniction patterns of the moist gels were obtained in a 
Scemann-Bohlin type camera. Copper radiation filtered through nickel 
foil, at 60 milliampercs and 50,000 volts was employed. Under these 
conditions but 5-10 minutes exposure was necessary, so that little or 
no drying of the gel took place. The results of some observations are 
shown in diagram form in Fig. 10. From these observations it would 
appear that tiic particles in the alumina sob consist essentially of hydrous 
y-AljO, . HgO. There is no reason to believe that they are made up of 
simple basic salts or basic salts of the Wemer type. The gel from the 
stannic oxide sol gives the pattern of anhydrous SnO* (cassiterite) and 
that from the indium oxide sol the pattern of In^Oji . 3H^O. A thixo- 
tropic stannic oxide sol gave a good cassiterite pattern. 

From the above X-ray studies, it would appear that the particles in 
typical oxide sols consist essentially of aggregates of minute crystals 
of hydrous oxides or of simple oxide hydrates. In the sols containing 
chloride, the latter is not bound in the form of a basic salt in most cases, 
but is adsorbed in amount depending on the size and physical character 
of the particles. Such sol systems whose constitution may be represented 
diagrammatically as sliowm in Fig, 9, are properly referred to as hydrous 
oxide sob. 

«* Proc* Indian Acad, Sn’,, 1934, l, 37a, 

Z, anorg, *924, 133, t. 
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In the light of the above, if one prefers to regard the hydrous oxide 
sols as electrolytes with colloidal ions it must be emphasised that there 
is a fundamental difference between sols and non-colloidal complex 
electrolytes such as potassium ferrocyanide, the cobaltammines, the 
complex platinic salts, etc., formulated by Werner. There is also a 


yAliO,H*OGel (toy ttitr** 
f»ltratior\ of sol from Al 
amalgam. ) 

/ Al|,Oj H*0 Gal (by ultra* 
filtratiorv of *ol from pptol 
alumma I 

y AljOji H,0 Powder 
Prcc»pi t a t«ci at lOO* 


SnO* Sol 
(Thixotropic) 

Sr\Ot Gel 

(84 ultraf iltration ) 


Sr\Q^ Powder 
( 5a ♦ HNOj) 


5a Oi 

C No 6 ignited ) 


»a»0.3H,0 G«1 (by 
ultrafiltration of aol > 


in.iO|-3HiO Powder 


Fig. 10. — X-ray diffraction patterns for hydrou.n oxide gels and sols. 

distinct difference between a hydrous oxide .sol and such colloidal electro- 
lytes as the soaps and Congo red in that the latter contain ionic micelles 
made up of groups of ions which have a definite compasition and which 
carr>^ one charge for each equivalent of the ion, whereas the micelles of 
the former have no definite composition and may carry hundreds or 
thousands of equivalents for each free charge. 

Summary. 

The results of this communication may be summarised as follows : — 

1. The constitution of hydrous oxide gels is deduccxl from experimental 
evidence obtained by phase rule and X-ray diffraction studies on the 
typical metallic oxides of iron, aluminum, and tin. The constitntioii of 
the hydrous oxide sols is formulated from the results of potentiometric 
studies on the titration of ferric oxide and alumina sols with electroljrtcs, 
and from X-ray diffraction studies on the hydrous oxide sols of aluminum, 
tin, and indium. 

2. It is concluded that, in general, gelatinous precipitates of the oxides 
are not polymerised bodies or condensation products resulting from the, 
splitting off of water from hypothetical metallic hydroxides. Instead 
they are believed to consist of agglomerates of extremely minute crystals 
of oxide or simple hydrate (or hydroxide) which hold large amounts of water 
by adsorption and capillary forces. 
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3. It is believed that the particles in typical oxide sols consist essentially 
of aggregates of minute c^stals of hydrous oxide or of simple oxide hydrate. 
In sols containing chloride the latter is not bound in the form of basic 
salts or Werner complexes in most cases, but is adsorbed in amount de- 
pending on the size and physical character of the particles. To account 
for the properties of positive sols of which ferric oxide sol is typical, the 
constitution of the particles may be formulated as follows : 

[(.rFe, 0 , . yHCl . (m n - qC\-. 

Solid phase Inner layer Diffusci outer layer. 

Department of Chemistry^ 

The Rice Institute, 

Houston, Texas, 


GENERAL DISCUSSION, 


Professor E. C. C, Baly and W. P. Pepper {Liverpool) {communicated) : 
The Hydrous Oxide Gels of Nickel and Ck>balt. — In view of the important 
communication by ITr»fes.H<)r W'eiser and I)r. Milligan some quantitative 
obs<’rvati<^ns with the hydn>us geds of nickel and cobalt may be of interest. 

It was stated by Ihroust in 1H05 that anhydrous Ni,Oj may be prepared 
by gently beating precipitated nickel carlxmate in an open dish. This 
reaction has lK?eu investigated with nickel carlxmate and hydroxide, and 
It has beim foumi that, though the product is black, the NijO, content is 
only from tt) 4 7 cent , the amount depending to some extent on 
the methcKl of preparation, Kvacth* the same result is obtained when 
nickel carlxinate is completelv decoinjXAsed to XiO by heating at 250® in 
a high vacuum and the cotded oxide is brought into the air. If colialt 
carlxmate is ireateti in either of the alxive ways a quantitative yield of 
C'ojO* IS tibtained. It is interesting to nott* that when CoO, prepared by 
heating the carlK>nate in a high vacuum and allowed to cool to room 
tenijxrature, is brought into the air it Ixcomes red hot. 

Thc^ facts, coupled with the fact that XijOj is endothermic with 
resjiect to NK), clearly indicate that the fonnation of Xi|Of by the above 
melhixlH must lx due to the surfact? oxidation of cr\*stal units of NiO. 
Since NiO is cubic, it is j^issiblr to calculate the size of these cr\"stal units 
from the amount of Ni,0# foniusl If r lx the number of Ni and O atoms 
in the csJge of the cube, the numlH-r of atoms in the surface of the cube will 
lie X* - {x - 21*, and if the oxidation be restricted to the surface atoms. 


jf • — I 2 f * { ;!* 2 ^ * 

the prfxluct will contain Ni, 0 , molecules, and NiO 

4 2 

molecules. Since the distance Ixrtw'een adjacent Ni and O atoms in the 
culxi is i*o86 X 10 cm., the length of tlie c*dgc of the crj'^tal unit will be 


' V 2-080 » 10 “• cm. Hy this raethcKl it can be shown that 2*5 per cent. 


Ni,0, is formed by the surface oxidation of cubes of NiO with edge of about 
55 ^Mi whilst 4^7 }HT cent. Ni^O, corresponds to a cube with edge of about 
H two surface layers oxidised, the cubic crystal unit will have 


an txlge twice as long. 


It must lx? pointed out that the sire of the crystal unit of NiO as 
determined by this methcxl may not be that existent before the material 
is heated. It has Ixien found that if the material is finely powdered before 
heating the amount of NijO, in the product is rather smaller, and this 


suggests that during the heating the cr>»stal units tend to increase in size 


owing to the loss of the a<lsorbed water. 


The adsorption of nickel and cobalt carbonate by pure kieselguhr has 
also been investigated. The quantitative details will form part of a further 
<x>mmunicatioti dealing with the phenomenon of adsorption by kieselguhr, 
and the salient facts only need be recorded here. When an exactly equiva- 
lent amount of NaiCOt in dilute solution is added to a suspension of ^esel- 
guhr in cold dilute Co(NO|), solution, the cobalt is adsorbed in cryslil 
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units which build up a continuous crystal lattice of CoO which is three 
molecules thick and forms, therefore, a single adsorbed layer of elementary 
unit cells of CoO. This is not the case with nickel nitrate which, on the 
addition of NajCOj in the presence of 2 per cent. KNO„ appears to be 
progressively adsorbed in layers of single hydrous molecules of NiO. 
Drying the coated kieselguhr at 125® has no effect unless the surface of the 
kieselguhr is completely coated with three such layers when the whole 
deposit condenses to a continuous adsorbed crystal lattice of NiO which is 
three molecules thick, and thus consists of a single adsorbed layer of ele- 
mentary unit cells of NiO. 

If the precipitation is carried out at 100®, no adsorption by the kiesel- 
guhr takes place with cobalt. In the case of nickel only a very small 
proportion is adsorbed as the unit cell lattice, the remainder being not 
adsorbed. It may be concluded, therefore, that at room temperature the 
units precipitated in the first instance are single hydrous molecules of 
NiO and hydrous elementary unit cells of CoO, respectively. At 100® the 
hydrous units precipitated are larger, too large, indexed, to be adsorbed by 
the kieselguhr, though in the case of nickel a small proportion exists as 
hydrous elemental^" unit cells of NiO for a sufficiently long time for them 
to be adsorbed by the kieselguhr. This conclusion is supported by the 
fact that it has been proved by the oxidation method that the crystal 
units of NiO are larger in nickel carbonate precipitated at 100® than in the 
carbonate precipitated at 15®. 

Dr. F. £irich (Wien) said : The subject of hydrous oxide gels might l)e 
very thoroughly discussed from the point of view of the chemical con- 
stitution of the colloid particles and of colloid reactions, but I desire to 
refer only to one point. Pauli did not conceive colloid particles of this 
nature to be complex colloidal ions ; he explained the preferential ad- 
sorption, which is a description rather than a definition of the process as 
follow'S : Dissociable molecules of the nature of Werner complexes are 
supposed to be situated on the surface of the particle, and these determine 
the course of the reaction. In fact the behaviour of sols is understandable 
if we compare it with known complex reactions. Indeed the reaction or 
charge of the particles is profoundly modified by variation or rebuilding 
of the ionogenic complexes. 

The structural formula of iron oxide sols which Professor Weiser 
criticises was never put forward by Pauli as essentially correct. It merely 
describes the existence of more or less hydrated hydroxides in the core, 
and of chlorine ions of dissociated basic chlorides on the surface of the 
particle. 

The pure sol prepared by Pauli and Schmidt from amalgamated alumin- 
ium had a pH of 6, so that it is out of the question that hydrochloric acid 
could take part in the formation of these sols. The increase of the pu on 
adding neutral salt to the sol has been explained in many papers of S. W. 
Pennycuik (e.g., in the ca.se of platinum sols) as due to hydrolysis of the 
oxide surface of the particle. 

Professor K. H. Meyer (Genive) said : Dr. Eirich refers to the old 
controversy : are the ions on the surface of an Inorganic particle fixed 
by adsorption or by complex- valencies (Pauli). I think one ought not to 
put the question in this form. The term adsorption " signifies, or 
ought to signify, only the place, where an atom or molecule is suppo^ 
to be : at a surface or interface, and says nothing as to the forces which 
link the atom to the surface. These forces can be of any kind : dipole 
forces, electrostatic attraction, bomeopolar forces (so-called activated 
adsorption), etc. The Pauli-tbeory only specifies the forces of adsorption, 
which — ^in many cases — according to this theory should be identical with 
those which exist in complex compounds. 

Dr. J. H. de Bw (Eindhoven) said : In connection with the statement 
of Weiser and Mi^an that the precipitates of the oxides consist of 
agglomerates of minute crystals, it may be of interest to mention the 
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existence of a special kind of aluminium oxide having ball-crystalline 
prop^ies lymg between those of ^A1,0, and the amorphous oxide. When 
aluminium is oxidised electrolytically in oxalic acid or in chromic acid, 
an amorphous layer of A1,0| is formed. It is a porous oxide layer ; electro- 
lytes can penetrate it easily. In the air this layer gives a good protection 
of aluminium and is used as such. When, however, aluminium is oxidised 
in e.g., boric acid or phosphoric acid an oxide layer of quite different pro- 
perties is formed. This latter layer has rectifying properties ; electroK^es 
do not penetrate it, only aluminium ions wander through this layer and 
contribute to the growth of the layer on the outside. As shown by van 
Gee! aluminium can be oxidised first in oxalic acid, where the amorphous 
layer is formed, and afterwards in boric acid, giving the rectifying layer 
beneath the amorphous one. The reverse is not possible ; if the rectifying 
layer is made first, oxidation in oxalic acid does not give an amorphous 
layer under or over the rectifying one, but breaks off the rectifying layer, 
whereujx)!! the amorphous one is formed free from the rectifying one. 

Investigations of X'erwey in our laboratory^ by means of X-rays have 
shown that the oxygen ion.s in this rectifying layer form already a crystal 
lattice but that the aluminium ions are distributed at random through 
this oxygen lattice. Only after heating the layer to a high temperature 
is the common y-Al,0, formed. We called the oxide of this layer the 
y'-Al|0,, it forms an intermediate state l>etween the amorphous and the 
crystalline aluminium oxide as it is crystalline with respect to the oxygen, 
amor|>hous with resjx-ct to the aluminium. 

Mr. C. F. Goodeve {London) said : Recent measurements which I have 
made supjx>rt Dr. Weiser s contention that there is no evidence for the 
intermediate existence of titanium hydroxide when ammonia is added to 
a titanic salt. Sjx*ctro-pholographs of the light scattered from a precipitate 
Jess than om* secfuid old (a dowing meth^xl was used) w^ere found to be 
practically identical to thos<‘ of titanium dioxide. On the other hand, 
then* is no re.semblance betwtnui the s|X‘ctny- photographs of light scattered 
from ** rinc hydroxide '* and rinc oxide This supports the X-ray evidence 
w'hich indicates that zinc hydroxide has a definite existence. 

Variations in the intensity of the scattcre<i light in the wave-length 
region of absorption have l>een found and are interpreted as being due to 
changes in jiarticle size. It is hoped to apply the method to the deter- 
mination of the latter in a few favourable cases. 

Dr. Weiser s reply is at the end of the volume. 


THE CONDENSATION OF UREA AND 
FORMALDEHYDE. 

liY <i. Walter {ritfimi), 

Rfrewed in (iemian rn ibfh August, 1935 , and translated by 
Dr. K. J. Raiunowitsch. 

Resins, which are generally mixtures of mutually soluble compounds 
possessing similar structures, can be divided into three groups according 
to their composition : — 

( 1 ) The components arc of the same analytical composition and mole- 
cular structure, differing only in the length of their molecules (Staudinger’s 
homologous polymers). 

( 2 ) The components are of the same composition, but are of different 
structure (e,g. isomers) and molecular sisc. 

(3) All three characteristics — composition, constitution and mole- 
cular siae--are different. 
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Urea-formaldehyde resins ^ are known which belong to all these 
classes ; but the majority are of the third and most complicated kind. 
The differences between the individual resins (and their components) are 
chiefly due to two factors : Firstly^ to the different properties of the 
primary products of condensation of urea and formaldehyde at different 
relative concentrations and under different conditions ; and secondly, to 
the different possibilities of further condensation or polymerisation of 
those primary" products. These complications (as w*ell as the insolu- 
bility of the end-products) led up to begin the investigation with the 
study of the conditions under which the different simple products of 
condensation are formed, and the isolation of these products. In the 
final part of the paper, the properties of the complicated resins them- 
selves will be discussed. 


I. Conditions under which the Most Important Simple 
Condensation -Products are Formed. 

The U.F. condensation-products are either : 

(1) Crystallised substances — as for instance monomethylol urea (I), 
dimethylol urea (II), or methylol methylene-urea (III) ; or 

(2) Amorphous powders — as for instance methylene-urea QHiONj, or 
the more highly oxidised product C5H10O3N4. A. E. Dixon * proposed 
the respective formulce (IV) and (V) for the last two .‘Substances ; it will 
be shown later (see p. 382) that these are incorrect, \Vc shall cal! these 
substances Meth A and Meth B ; 

(3) Resins, — ^The composition of these products is generally com- 
plicated and unstable. It will be seen, however, that nearly pure Meth A 
may sometimes also appear as a resin (composed of polymer'^ and isomers). 
But in general, the pure methylene ureas give ** euthymorphic products 
only. 

The methylol compounds (I) and (II) alone are primaiy' condensation 
products ; all the other products can be traced back to them. 

What products are actually obtained by condensation depends chiefly 
on the concentration of H ions (h), the temperature, and the relative 
concentrations of the reaction-partners U and F. In neutral or slightly- 
alkaline solutions water-soluble methylol-p.oducts are formed at low 
temperatures. In acid solutions, these products arc further transformed 
into the methylene compounds, which are partly insoluble and melt at 
high temperatures under decomposition. The same products arc ob- 
tained directly from the initial mixture of U and F in acid solution. 
From (I) we obtain Meth A, from (II) Meth B. Nearly pure Meth B is 
obtained only at high A-values (/>jj about 3) or by heating (II) above its 
melting-point. At low /t’s, U and F in molecular proportion i : 2 give 
(at high temperature) an opaque resin. If more than three parts of F 
are used, or if dimethylol urea (11) in neutral solution is first formed, 
then in slightly acid solution completely transparent resins can be 
obtained : — 

^ The abbreviations ; U for urea, F for formaldehyde will be used throughout 
this paijer. 

* The literature of the subject can be generally found in a review by G. Walter 
and M. Gewing, Kolloid-chem, Beihejte, 1931. 34» and in the monograph. 

Die hansthchen Harze by J, Scheiber and K. Santiig. 
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According to this srliemc, the resins arc formed under conditions 
iiitemiediate between those whicli are suitable for the preparation of the 
inethylol and methylene derivatives respectively, and their composition 
lies at least partially, midway between that of these products. The 
hr^t have a simple, well-known constitution ; the second require special 
investigation. 


II. lavestigatian of the Methylene*Urea-Ck>mpoimd8. 

\Vc inve-stigated the lomfHisiiion, the molecular weighty and the primary 
amido^groups (end-groups) of Meth A and Meth B. In connection wdth 
these measurements, \sc also investigated the electrical conductivity of 
these substances (see the following paper) and their viscosity, 

1. Experimental Methods. 

Analytiu of the Methylene- Ureae. — The following method was 
developed : by heating the substance with MgCI, . 6H,C> in presence of 
cone, hydrochloric acid, the methylene and methyiol groups were trans- 
formed into formaldehyde, the nit^en • into ammonia, and the carbon 
of the CO-groups into carbon dioxide. This method is applicable to 
all derivatives of urea. 

* Cj\ N determination m urea with MgCl, . 0H,O after Folia. Z, phystoL CJumie, 
1901,31, 505 
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TABLE I. 


Substance, 

Per Cent. CH|0. 



Total C 

Per Cent. 

Obt. 

Calc. 

Obt. 

Calc. 

Obt, 

Calc. 

Obt. 

Calc. 

Methyl urea . 
MonoVncthyloI urea . 
Dimethyloi urea 
Methylen urea A 
Methylen urea B 


33*3 

500 

41-7 

51 '^ 

3780 

50-79 

22-83 

386 

32 0 

37- 83 
31*10 

233 

38- 9 
32-2 

1612 

13*17 

q<)0 

l(yjo 

13*75 

1 

20*3 

29O 

33*2 

34*3 

26-6 

30*0 

33*3 

34*5 


Determination of the Primary Amido -^Groups. — The NHj-Groupa 

were determined with the help of cone, hydrochloric acid and sodium 
nitrite ; * this method works w’ell with all substances of this class. The 
volume of N, evolved is measured ; the reaction must lx* carried out 
without heating. At a higher temperature, the same method gives the total 
nitrogen-content of the molecule. The concentrated acid causes no un- 
desirable side-reactions, as shown by the values found by analysing the 
most unstable of all products — the methylol ureas (I) and (II) : 

TABLE 1 1 . 


Subatance. 

) 


In the Cold. 


> At Hifb Tempera lure. 

! 

! Per Cent. N. 

j Number N’Hf- 
1 Grempt Prjr Molecule. 

( 

j ToUlN (P« Cent.). 

Obt. 

1 Calc. 

1 Oha. 

I___ 

*rbeof. 

; 1 

i Obt. j 

j 1 

1 

Methyl urea . . j 

19*0 1 

! 18*9 

f , 

i * i 

1 

1 38- « 

37 *^ 

Monomethyiol urea . ! 

» 5-3 


' i 

1 

3 i'i ! 

311 

Dimcthvlol urea . ; 

) 

\ 

0*0 j 
1 

0*0 

* ^ 1 

0 

L 

23- i 


Determination of the Molecular Weigh:. — We found formic acid to 
be an appropriate solvent for methylene ureas and also fox a number of 
U . F-resins. The appreciable conductivity of these solutions shows that 
ail these urea derivatives, not unlike urea itself, are dissolved in formic 
acid with the production of formates. The measurements of the conduc- 
tivity have a special interest in connection with the problem of the relations 
between conductivity and polymerisation, and wiU be described in full in 
the next paper. We used the solutions in formic acid, not only for elec- 
trolytic investigations, but also for the determination of the mokcular weight, 
partly by a cryoscopic method, but mostly by Barger-Rast's method of 
isothermic distillation. The vahies of the molecular weights found by this 
method must be correct owing to their exact conformity with the valu^ 
found by determination of the NH, group. No correction is required in 
this special case of electrolytic dissociation for directly determined molecular 
weights, because of molecular assficiation or formatton of ionic complexes 
or micelles which exactly counterbalance the induence of electrolytic dis- 
sociation.* No appreciable formatton of acid amides by reaction of the 

* Applied to urea by Stanek (see H. Meyer, Analyse und KonstiiuiionsrrmUtlung 
crganischet Sttbsianxen, 1922, p. 938). 

* Cf. the next paper. 










G. WALTER 


J8i 

methylene ureas with formic acid takes place at low temperatures and con- 
sequently there is no necessity to correct the molecular weight. The 
change in the apparent molecular weight with time (due to a process of 
this kind), which is easily observed with urea itself (Table III.) docs not 
occur with its methylene derivatives. 


TABLE III. — Molecular Weight of Urea in Formic Acid. 


At Once. 

After. 


1 H()ur. 4 Houn. 

8 Houn. 

' 12 Hours. 

.1 

2 Days. 

3 Da>- 8 . 

4 Days. 

5 Sb 

1 

55-» j 3-!'3 

50 2 

j 3^7 

44*7 

1 

j 4*2*3 

1 

39*4 


2. Investigations of the Fractions of Methylene Urea. 

L'ractionation was cHected simply l)v spontaneous precipitation of the 
methylene derivatives at />„ 3. \Ve obtained in this way three fractions. 

and (c) ; the fourth fraction {d}, obtained by evaporation of the 
liust filtrate, was insoluble, and therefore unsuitable for our investigation. 
M«‘an while, by NHj gnmp determinatuea. it was found that the fraction 
{d\ also, although insoluble in fonnic acid, is low-molecular. Meth A in 
this resix*ct is like 


Meth B trinier. 
Consequ on 1 1 y. 


TABLE 

rv. 



trimers are ab 
ready insoluble 

1 

FracUon. | 

IVr Onl J 

P<T Cent. 1 

Per Cent. { 

Per Cent. 

in formic acid, 


CHpO. 

C. from CO. i 

C. Total. 

owing to the fact 
K'ompare the 
next pajx'f) that 

Methylene Urea A. 

I* . 

41*9 1 

lf>'0 i 

^3-2 

the complexity of 

\h\ 


4l-i i 

1^»*3 i 

32 -S 

lon.s grows pro- 


; 3 •^'7 ; 

4»'7 j 

I0-7 ; 

3 30 

]>ortionatoly to 

C,H/ L\, . 

' 3^*9 1 


: *<>*7 : 

333 

the degree of 
)K>lymerisat ion. 
In the of 

Methylene Urea B 

hi) 

1 i 

; 3^0 ; 

1 

5^*4 

I 1 

1 ^ 3 *'^ 1 

34*4 

the tnmer, alxnil 

'h) 

j 3^*1 


U'7 

34*4 

U urea radicals are 

(r) 

) 3^*5 

5-2*3 

23*7 

34 0 

already united in 

% 

C.alc . i 

j 3-’*^> 

1 

! 31-8 

; 13*^ 

34*5 


.he complex In 
the case of Meth 


H. this fourth fraction was a rrsin ; in that of Meth f nut ion (c) shouted 
— ^tte untxpeckdly — the properties of a rrstn. All tlie other fractions were 
amorpbmis powders. The analytical compositions of all products— the 
resins not excluded — were the same, and corresponded to the tlieoretical 
compositions of Meth A or Meth H. These results show that U . F resins, 
formed by methylene ureas, may sometimes have a relatively simple 
structure (Table IV.). 

Table V. contains the experimental values of the molecular w^eights, 
the number of NHrg^oups mean radical NH, -number/’) and the 
molecular weights calculaUsd from these numbers. They are in good 
agreement with the values found by direct measurement. 

Fractions (a), of both Meth A and Meth B, have nearly the theoretical 
molecular weights of the monotneric substances. The molecular weights 
of fractions (6) and (c) correspond roughly to those of the dimeric 
substances. 
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TABLE V. 


Mcth A. 

Molecular Weight of Monomeric Meth. A, 73 . 
Molecular Weight of Dimeric Meth. A» 144. 


Fraction. 

Separated 

After. 

Per Cent. 
About. 

M 

Exp. 

NH, 

Numt^r. 

M 

Calc.* 

AT 1 
Exp. 1 

1 

NH, 

Number. 

i " 

I Calc* 

a . 

2 hours. 1 

20 

74 

1 

0*99 

! 

73 

.78 

I 

1 ■'! 

b , 

^7 - 

40 

140 

0-51 

141 



34 « 

c . 


1.5 

148 

0-43 

167 

J.V'* 

«'5 

! 348 

d . 


25 


1 034 

212 


0*3 

i 580 

1 


MntliB. 

Molecular Weight of Mono- 
meric Meth. B. 1 74. 
Molecular Weight of Dimeric 
Meth. B, 


• From XH,. 


The NHj-nuraber is i for the monomeric products, and 0*5 for the 
dimeric ones, etc. This leads to the following formulae : 

(VI) (Meth A monomeric) : H,N . CO . 

(VII) (Meth A dimeric) : . CO . NH . CH, . NH . CO . 

(VIII) (Meth B monomeric) : 


H,N.CO.N<f ^N.CO.NH, 

XHj.O.CH,/ 


Dixon’s formulae must be wrong, Ixicause they contain no primary 
NH, -groups. Formula (VTII) shows no methylol groups ; in fact, no 
properties pointing to the existence of these groups have been observeti 
with Meth B. 


The Significance of the Molecular Weights. 

Despite the relatively low molecular weight value.s, none of these 
compounds can be melted ; they decompose at temperatures above 200^ 
C. The correctne.ss of the molecular weights seems to be ensured by the 
accordance between the values found by t measurement and tliOse 
calculated from the NHj-numbers. The first fractions, (a), must thu.s 
be considered as monomeric. The values found for the other fractions 
can at first be taken as mean values only, and the question then arises 
whether tho.se fractions contain a certain quantity of substances with a 
much higher degree of polymerisation ; whether such substances may 
not be responsible for .some fraction.^ (fraction (c) of Meth A) siiowtng 
the properties of a resin. 

Comparative Measurements of Viscosity- -The occurrence of 
high polymers may reveal itself by increased viscosity more dearly than 
by a higher mean molecular weight. Experiments showed, howxvcr, 
that all the substances in question, and also various other substituted 
ureas, have about the same relatively high specific viscosity in 
Table VI.). The high viscosity of all these compounds is apparently due 
to the occurrence of solvated complex positive ions,* which they fotm 
with formic acid, and has therefore no bearing on our present problem. 
Nevertheless, the results of the viscosity-measurements seem to indicate 

• Cf . next paper. 



G. WALTER 383 


that higher polymerised substances are not contained in fractions (b) 
and (f). 

TABLE VI. 


Substance. 

CH» 

(CH.)* 

trea 

(CH,). 

CeHs 


(QH,). 

Urea 



iSymm), 

Urea. 

Urea. 

(Symm). 

{Asymm). 

Concentration 

0*021 

1 0*020 

0*029 

0-020 

0-02 2 

0-02^ 

mols /litre) . 







V>i> 

0026 

0*052 

0-050 

0-085 

0058 

0-050 



Mcih A. 



Meth B. 


Substance. < 



j 




j 

1‘racUon 

Iraclion 1 

I-raction j 

Fraction 

Fraction 

Fraction 

1 

a. 



a. 

ft. 

c. 

•" ' \ 

! 

Concentration i 

0*026 1 

1 0*026 

’ ( 
1 

0*026 

0022 

0-022 

0-022 

(molsylitre) . ! 

1 






• * \ 


; 0063 

0*005 

oot)3 

0-079 

0077 


3. Change of the Degree of Polymerisation of Methylene -Ureas 
by Heating. 

These experiments contributed another argument against the presence 
of highly-polymerised substances in the fractions (b) and (c). They 
revealed that, by heating the dried methylene urciis, the degree of 
polymerisation is appreciably increased only in the case of the mono- 
meric fraction. On healing, the molecular weight approaches that of the 
dimer. Tlie molecular weiglits of {b) and (c) are changed only very 
slightly, and only if they were below the dimeric values before heating. 
The moltTular weights of all fractions arc thus brought by heating to, or 
slightly above, that of the dimer (Tabic VII.V Were the fractions (b) 
and (f) to consist of a mixture of the monomer with a small quantity of 
high polymers, we should expect their molecular weights to increase 
apjjreciably on heating, Thi"^ is not the c;ise. We tried to extract the 


TABLE VH. 


Mflhyl<-ur-l’r«A A. 


Mflhylewc-UreA B, 


FractKia. 


Hcatunf 
W found 


I ieinp. 

^ duratW^f) 


NH.*nuiut>«r 
M ilc. 


1 i 

b. i c. \ 1. «. i ft. j c. 


a. ; ft. i r. 

t. 


a 

. j ». I .. 

— Iioo"'*' — — 100 — 

100*^ 100'" 

1 

lOO*', 150'" 


I ' ' 

lOO*^ — J too*! — 

1 1 t t t - 

4 h. 1 — i ih. ' — 4*^' '• — i 

1 Jh. 1 4 h. 

tJb/i 4h, ! 

1 

4b. 1 — ! 4b, I — 

i 74 104 f *4<» [ > 40 ! *4^ ' 1 H 

1 «»5 

1 13 %! 139 


i \3o 1 374 5%it 

0 0 o' 5 lj 0 0 4.%: o'4450'S9 0 67 | 

.o '55 


0 ’ 49 ’ 0 * 5 <» 10 ' 4 H 10-50 

' 7S I ! Ml 1 Ml ; , *^4 j 

' 107 

f 

\ l.tl ! 131 

!t74 

4 

355 1 34^ 1 i^3 1 34 S 


monomer from the mixed fractions (obtained by allowing the solution to 
stand for a long time, sec Table X.), but were unable to prepare 
products with a much higlter molecular weight by this method. (The 
trimer was the highest obtained in some cases.) 

The observ^ation that the monomer can appear in a second, insoluble 
(and probably unpolymerisable) form (formula IX) alone suggests tlut 


8 
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fractions {b) and (r) consist of a great deal of the insoluble monomer with 
the inclusion of a small quantity of higher polymers. The higher we 
assume the degree of polymerisation of this component to be, the lower 
becomes its possible concentration. By far the greater part of the 
fraction must then consist of the monomer. The general charactei of 
the mixture remains in any case a late? -molecular one. 

It is still more probable that no really high polymers are contained 
in these fractions, and that the mean molecular weight found experi- 
mentally coincides roughly with the true molecular weight of the main 
component of the mixture (this of course does not exclude the possibility 
of small quantities of trimers or slightly higher polymers being present). 

4. Dependence of the Degree of Polymerisation on the Ck>n« 
centration of H-Ions. 

Three solutions of U and F, with pj^ = i, 3 and 5, w'cre used for the 
preparation of mixtures of polymers (or isomers) of Meth A. These 
mixtures (.^) were divided, by extracting them u ith hot water ^ into a soluble 
fraction (k) and an insoluble one ( 0 . From tJie most acid solution 
(p^ =r= i) the insoluble product was obtained almost exclusively. It 
consisted of the pure (insoluble !) monomer Meth A. At />0 — 3, the 
relative quantity of the insoluble residue (0 is at its lowest ; it consists 
in equal parts of the dimer and the insoluble monomer. Tlie soluble 
fraction (k ) — about 50 per cent, of the total yield — is monomeric. At 
Pjj = 5 the insoluble residue contains dimer only, the wliole of the 
nionomcr being soluble. The soluble fraction k even contains some 
soluble dimer (Tables VUI. and IX.). 


TABLE VIII, — Molecular Weight Calculated for Monomeric Meth A 

M = 7i. 


Mixture [g). | Residue (i). j Extract {k). 

I 


! NH, 
iXumtxfi. 

I 

! 

3 / 

Exp. 



M 

Calr. 

tuym 

NH,. 

; IVr i 

i Lttxl. ] vu ' 

, ui tu« . ; 

1 Total 

j Muturr.i [ 

I i fO 

1 

1 '^3 


i ' o*.S*> 1 

3 1 

i 84 

75 

1 50 i 070 1 

5 ! 

115 

' III 

j j <>‘40 ' 


{ 


M * 
Exp. , 

M 

( '.k, 

IrxKii 

NH,. 

- r*<T ! 
j C«mt. j 

1 Tolal 

1 Mixture.} 1 

I 

Exp. i 

! Si 

1 Cxlc. 

from 

NH,. 

«4 j 

«1 

i . 1 ... 

01 

1 

1 95 

11 X i 

91 

1 50 1 I-O * 

75 

7* 

140 ) 

M7 

1 33 070 

j’ _ _J 


95 


There exists thus a solMe as well as an insoluble modification of the 
monomeric Meth A ; the insoluble one is formed at high />0-vaIues, and 
probably has a ring-structure (IX), with one primary NH^-group. 

(IX) HjN.C^N 

I I 

O— CH, 

With decreasing h the soluble fraction increases at the expense of the 
insoluble one. If the work is carried out under these conditions, the 
amount of the dimer becomes simultaneously increased at the expense of 
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TABLE IX. 



Mixton g . 

Reftidue (<). 

Extract { k ). 




Percentage of the Mistore (g). 

Percentage of the Mixture (g). 


Peroentac* 01 toe 


1 









Calcnlated from 


CalouUted from 





Molecalar Weight : 


Molecular Weight: 




Poand. 



Found. 




Monomer. 

Dimer. 


Monenner. 

Dimer. 


Monomer. 

Dimer. 

Z 

^ zoo 

■■ - 

98 

82 

16 


'-w 2 


3 

82 

Z8 

50 

23 

27 


50 

— 

5 

40 

60 

67 

1 

67 


25 

8 


the monomer, because the soluble monomer alone is polymerisable. On 
the other hand, by simply letting the solutions stand for some time 
(keeping the jpg-value constant) we should increase the amount of the 
monomer (which polymerises very slowly at low and decrease that 
of the dimer. 

By separating the deposit before evaporating the solution, we found — 
beginning with pu 3 and going to lower /i-values— the second (polymerising) 
action of the H-ions. At these low concentrations apparently only very 
little insoluble monomer is formed. The quantity of the primary pre- 
cipitate (I) (set* Table X.) decreases steadily, whereas that of the fraction 
(la), obtained by evaporating the filtrate correspondingly increases. 

By extracting with hot water we obtained an insoluble fraction (II) 
from the precipitate (I) ; the soluble fraction (Ila) was obtained from the 
filtrate. With diminishing h not only docs the quantity of (I), but also 
its relative content of insoluhh* substances (II), become smaller. The mean 
molecular tvei(;lU of (I) decrea,>es therefore to a certain amount with falling h. 
The molecular weights of (II) arc generally appreciably higher than those 
of (I), ztnd point sometimes to a trimer. The dissolved part (Ila) contains 
chiefly the monomer, as doc.-i the fraction (la), which remained in the 
initial solution. 

5. Analytical Investigation of the Separate Fractions. 

The insoluble residue (II) (sec Table X.) differs from all the other 
fractions of Melh A in that its coin[)osition differs from the theoretical 
c omposition of Meth A (Table XL). The smaller values found for N and 
C indicate the formation of a body (X), which contains etherdike oxygen, 
similar to Meth B. The analytical results can be explained by assuming 
a mixture of about cquiinolecular quantities of Meth A and of the 
compound (X). This compound can be formed together with Meth A, 
from two molecules of monomcthylol utea, but to an appreciable extent 
only at higher A-valucs. Since the amount of (X) is mostly very 
small, the methylene ureas A, which have not been further divided into 
fractions by extraction, show no appreciable deviation from tlie theo- 
retical composition C,H40N*, the peculiar resinous fraction (c) not 
excluded. 

(X) HtN . CO . NH . CH, . O . H^C . HN . CO . NH,. 

Nearly pure Meth B occurs only (as a precipitate) at high h values. If 
h is less than lo*"*, the precipitates have a different composition (Table XL). 

^3 
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TABLE X. 

Mol, weight calculated for M^tli A. 72. 

«* M MethB, 174. 

Fraction (I) separated after 24 hours. 




Fraction. 

Sul>stancc. 

k. 

I. 

U. 

1 

1 i 

lU. 



Per Cent. 
o£ { 1)4 (U), 

M. 

M. 

Per Cent. 
ol (I). 

Af. j 

Ai, 



Kxper. series if, Meth A. 



< 

6*3 X 10** 

Si I 

\ 

155 

71 

55-5 

214 

112 

ci 

P 

1-0 X lO-* 1 

05-8 

! 168 

78 

29*2 

224 

99 

u 

u 

4 ) 

1*3 X lo”* 

12-3 

M 3 

So 


— 

— 

2*0 X I0-’ 

(8-0) • 

1 LV 

88 

— 

— 

— 

c 










Exper. series 2f, Meth A. 



• 4 -» 

0 

6*3 X iO“* 

96*9 

122 

61 

62*3 

169 

88 

IpiH 

6*3 X 10-* 

90*1 

122 

62 

40-7 

174 

So 


7*9 X IO-* 

305 , 

1 16 

69 

27*2 

lt)6 

75 


2*0 X 10-’ 

(72-8)* 

IL 5 

78 

1 6*1 

^77 

74 



Exper, series 3, Meth B. 



c . 

6*3 X IO-* 

83-6 

173 1 

M 7 1 

100} 1 

I 73 t 

— 

<a 

6*3 X lo-^ 

49-6 

166 

lOl 

85-3 

227 

loS 

7*9 X io*-‘ 

23*2 

M 5 

186 

I 


— 


2*0 X 10-^ 

(56-2) • 

169 

169 

1 21‘2 

M 5 

M 7 


♦ l^ecipitated first after four xvtehs* standing. 

f Series i ref ere to a more diluted formaldehyde solution than series 2 ; this 
must explain the differences in the yields. 

J No soluble fraction could be extracted from (I). 


TABLE XL -(C/. Table X.) 


1 

1 

1 

MethvIc5ne*Urea A. 
iTaftion II, (C<i4itp. 'iabie X), 

Methylene-Urea U. 

Fractfoo 1 , {Comp. Table X). 

A. 

i 1 

1 Per Cent. 

1 N. 

i 

I PfT Cent. 
C iremj 

! 

Percent 1 
C from j 
CH| 0 . 1 

; Per Cent . 

1 C ToUl. 

Per 

N. 

Percent 

C from 
CO. 

Per Cent. 

1 C frotii 
CHtO. 

Per Out, 

C Total, 

6*3 X lo-** . 
6*3 X 10 . 
7*9 A 10 . 
2-0 X 10-’ . 

ih -72 

3 t>S 5 

3677 

1 36-81 

iboj 

1610 

15*97 

16*53 

•5-69 

15-54 

15W) 

• 5 - 5 ' 

31*72 

31*60 

31*63 

3^*04 

3-!*40 

34*39 

35 - 8 H 

30*37 

(3-63 

14- 28 

15- ** 

12-24 

49 - 8.1 

47-46 

47-00 

49-37 

33-57 

33 - '»6 

34- 01 

3 * -99 

Calculated for Equimolecuiar Mixture of Meth A -f (X). 

Caktthiad (or Mttii B. 


36-50 1 

15S0 

15*80 

31*70 

32. 2 

13-8 

5i*a 

1 

34*5 
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6 . Relation Between Resinous and Non-Reslnous Substances. 

All the substances obtained l>y evaporation of the filtrates of Meth B 
are resins of variable composition. The answer to the question, why 
some fractions of the methylene products are non-resinous and others 
resinous is probably that resins are formed only from mixtures containing 
products of different composition. The existence of resins composed 
exclusively of pt^re polymers or isomers of methylene urea has never been 
proved, and appears improbable, especially on account of the discovery 
of a higher oxygenated Meth A fraction (imwever small this fraction may 
be). The least amount of an impurity of this kind may suffice to produce 
a resin. Probably, certain proportions permitting the mutual dissolution 
of components are especially favourable for this purpose. The relative 
concf*ntration of the components debTmines the character of the pre- 
cipitate, which may lie an euthymorphic powder or a mesomorj)hic resin. 
The influence of the relative concentrations of the components, depending 
in its tunt upon the conditions of polymerisation, is also revealed by the 
fact that mesomorphic resins may have both a higher and a lower mean 
molecular weight, as compared with that of the euthymorphic fractions. 
Depending on a greater or .-mailer ouantity of the “ stabiliser,'* which 
permits the insoluble subst.iuces to remain dissolved f(#r a longer or 
shorter lime, tlieir po!ymeU'^atif»n can attain a more or less higii degree. 
Thc moletular weight of the resinous traction (c) of Meth A lies, for 
instance, bctwe«*n rhuse tlu- euthymorphic fi.u tions (&) and (d). It 
may be. that tie fn/fnofner, al>o. p/avs ihe “ stabilising ” idle for the 
polymer {cf. p. 38<>;. 

Tile chemical tiansfornudion- whicli iuc(‘>>ary for the production 
(if a resin can al-o be ( arrie<I mu! on the already burned Meth B by heating 
and prc.ssure. It consist- m decrease in the numixT of CH^-groups, 
and of the primary' NHj-groups, indicating a polyrneri.sation or condensa- 
tion (Table Xll.b Tlie resin< obtained in tlii< way are, however, mostly 
(Opaque. 

TAHKK XI T. 


ior MrUi H, 

I’cr ( N 

, Cfut. N 

IVr Cent . 

^ P« Cent C 

Per C 4 WU, C 

Irum NHf 


CH,< » 

I “ 

i (n>m CO. 

! 

ToUi. 

ikrfore pressing 

1(1*19 

1 u-r.- 

5 o-no 

1 

i 13*70 

1 33-90 

After pressing 

SOj 

i 

5^1*80 

1 17-45 

1 3 J--fo 


In order to obtain resins with fiigh teclmical qualities, it is obviously 
necessary to introduce some higher-molecular components. Transparent 
resins can be obtained from solutions if the reactions leading, at high 
/l values, to the euthymorphic Meth B are retarded. Reactions giving 
Meth B at high h (for instance U + 2F, or dimethylol urea in acid 
solution ; or melting drs' dimethydol urea) all give resins at lower h. 
The transformation of dimethylol urea into Meth B is a much slower 
process than the corresponding reaction U -f 2F ; it is therefore advis- 
able to use dimethylol urea for the preparation of the resins (F. Poliak’s 
method). The first stage of the condensation is, therefore, carried out in 
a slightly <Mkaline solution, and only the second (rcs^inification proper) in 
•I slightly acid medium. A high concentration of H-ions promotes the 
tormation of F from methyloi ureas (formation of Meth B from di- 
n^iclhylol urea) ; this action can be pariUyscd by strongly increasing the 
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concentration of formaldehyde. Under these conditions, resins can be 
obtained even in more strongly acid solutions (John). 

In order to accelerate the reaction and to increase the solubility, it is 
necessary to use high temperatures and an optimum concentration of 
H-ions (with dimcthylol urea, about Under these conditions, 

products are formed whose content of ** formaldehyde radicals (methy- 
lene, or methylol, or CH2OCH2 groups) is greater than that of Meth B, 
They probably contain methylol groups; the stabilising and dissolving 
action of the latter enables the formation of resins and, possibly, the 
production of higher polymers (see below). For the resinifying reactions 
we refer again to the scheme given earlier. 

III. Investigation of Complicated Resins. 

1. Separation of a Resin -Solution into Fractions (Intermediate 
Products). 

We separated a resin -solution obtained from dimetkylol urea in slightly 
acid solution into five fractions (l) to (5). Fraction (i) was deposited 
spontaneously after long standing ; (2) was precipitated from the filtrate 
by water; (3) was obtained by evaporation of the second filtrate. Fraction 
{4) we obtained by precipitation with water from the initial .solution, and 
(5) by evaporating the filtrate from (4). In Table XIII. are collected the 
analytical data obtained with llie.se fractions. We recognise that the 
fractions (l) ;uid (4}, wliicli are deposited from an aquei>us solution, have 
nearly the composition of Meth B, whereas the fractions (3) and (5), which 
remain dissolved in waiter, are more similar to methylol methylenc-urea 
(formula (III)) ; fraction (2) has an intermediate ( ornposition. This 
indicates that the resin is a mixture of .sub.stances which are somewhat 
rich in methylol groups with products containing only few metliylol 
groups or no such groups at all (methylene-ureas). The first are soluble 
and keep in solution the .second, which by themselves are insoluble. By 
adding water, the concentration id methylol groups is dimini.shed, and 
the products whicli are insoluble in pure w'ater precipitated. An 
opposite effect is observed with highly concentrated neutral salt solu- 
tions, w'hicli have a strongly peptising action. 

TABLE XI 1 1. 



Protective Action. The abovc-dcscribcd experiments show— in 
accordance with the results obtained with methylene*ureas (see earliet), 
that resins (at least the intermediate products) contain components which 
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act as “ stabilisers or “ protective colloids ** in respect to some other 
of their components. The “ protective ** substance is formed simul- 
taneously with the other components. In the case in question, the 
protective action is obviously due to the methylol comi>ounds ; the 
methylol group CH,OH acts as a “ lyocratic ** group. 

The protective action not only stabilises the simultaneously formed 
insoluble methylene compounds, but increases the polymerisation 
capacity of the protective substance itself as well. The above-mentioned 
methylol methylene urea (III) can, for instance, polymerise to the 
compound (XI), and this latter in its turn to ring-systems of the kind 
(XII) (see below). 

The stabilising action of the “ protectors ’* obviously favours the 
formation of higher polymers, which would otherw'ise separate from the 
reacting mixture. 

Hi^h fe-values cause a decomposition with loss of CHjO and formation 
of Mcth B, and thus prevent the formation of protec tiv^e bodies ; Um 
/i-values slow dowm the reaction. Therefore, optimum concentration of 
H'ions must be maintained, and the reaction must be supported by heating. 

2 . Investigation of the Resinification Reaction. 

Determination of the Water Formed by Condensation. — Meth B 
is formed from dry tliniethylol urea by heating it, for a long time, above 
its melting-point. The melted mass becomes acid during the reaction 
(formation of formic acid). It was found * (Walter) that by decreasing h 
(te., by adding alkaline substances) we obtain resins instead of Meth B. 
iVaUr (and some formaldehyde) arc formed during the process. Quanti- 
tative analysis showed --as a mean value — the production of 1*4 mol. 
watci and 0*2 formaldehyde per urea radical. By melting pure 

dimethylol uiea (without alkaline substances) we obtain I mol. HjO and 
0*5 mol. formaldehyde, in accordance with the formula of Meth B 
(Table XiV ). Melting of monomethylol urea gives Meth A under all 
conditions. From the *' H^n-nunil*er ** 1*4 we may conclude that, 
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in atidilion to open chains (as in (Xl)), w’^hose HjO-numb*?r cannot exceed 
1 * 0 , some “ ring-chains (for instaitce of the kind (XII), or its isomers) or 
more complicated ring-systems (e.g. (XlII)) arc also formed ; the HjO- 
number of the latter substances may be as high as 2 * 0 , (XI) can be 

512. 566; Chem. Centr.. 1923, 2, 1385. 1498 
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treated as a polymerisation product of (III) ; (XII) and (XIII) as con- 
densation-products of (XI), formed with loss of water. Condensation 
reactions thus occur simultaneously with polymerisation reactions. The 
compounds (XII) and (XIII) are examples of polymeric dimethylenc 
ureas (HjC^N . CO . N=CH2)*. 

Ill) HOCH, . NH . CO . N=CH, — 

(XI) HOCHj . NH . CO . NH . CH, . N . CO . NH . CH, . N . CO . NH . CH*— 

in, OH in, OH 




/(XII) 


XI) (minosHjO) 


N . CO . . CO . . CO . 

XH/ \CH/ \ 


/CH.- 

\ 


\(XIII) j 

— X . CO . X . CH, . N . CO . X . CH, . X . CO . X . CH,- . . . 

CH, CH, in, (^H, in, 

III II 

X . CO . X . CH, . X . CO . X . CH, , X . CH, . X 

in, jn, ! 


In view of the amount of formaldehyde dissociated during the reaction, 
we have to substract from the final product about lO per cent, of the 
methylol and methylene groups contained in the initial material. This 
is confirmed by the analytical determination of the total content of 
methylene and methylol in the product, which is found to be about 17 
per urea radical (Table XIV.). 

The “ HjO number *’ of dimethylenc urea is 2*0, its content of for- 
maldehyde radicals 2*0; the corresponding values for Meth B arc 1*0 
and 1*5. The resin, with the numbers 1*5 and 17, stands clearly midway 
between these two substances. 

Determination of Methylol Groups and/or of Adsorbed Water 
by Means of Alkali Metals* — Comparative investigations of a number 
of different substituted ureas show'cd that alkali-metals can be intro- 
duced only into the primary NH^-groups or into the methyhl-groups (in 
the latter case the H-atom of the hydrox'/i is exchanged). Table XV, 
shows the numbers of metal atoms which were bound by the corres- 
ponding urea derivative.s per urea radical. 

The detemnnations were carried out in liquid ammonia, which 
dissolves these urea derivatives, including the monomeric fractions of 
Meth A and Meth B, Mono- and dimeihylol urea give, as expected, a 
mono- and a di-substitution-product ; Meth A and Meth B (monomers) 
absorbed I and ^ atom per urea radical respectively. 

Resins, which were near their insoluble and infusible end-state, were 
found capable of absorbing nearly i atom of alkali metal per 2 urea 
radicals. Since it was found (see below) that these resins no longer 
contained primary NH, groups, we must explain the absorption of alkali 
as due to the presence either of one methylol group or of one molecule 
of HjO per 2 ureas. The water, however, ought to be bound very tightly, 
since all the products were carefully dried at temperatures above 100® C. 
If we accept the first hypothesis (presence of methylol) wc can explain 
the results by assuming the resin-mixture to contain (XI) and (XII) or 
similar compounds. 
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TABLE XV. 


Substance. 
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Urea. 

Urea ■ Urea I 
Assj'in.' Synim, • 

t 
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Metb 

A, 
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: 1 
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B. j I. . .. i j. 
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urea-radical . 
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1 

‘ 1 and 
; 2 

■ i 

1 

) 

1 ^ 1 

j 1 ' 0 ! 

( i 

i 

( 1 

1 and 2 I and 

2 

j 

[ i 

^ 1 

1 

0-5 

about ; about ! abont 
o‘5 1 o'5 ’ 0*5 


Determination of the Primary NH2 Groups in Different Stages 
of the Resinifiicatlon Process. — ^Thc determination of the number of 
primary NHj groups in the resins in question does not give so definite a 
due to the nature and number of the end groups, as is possible in the 
case of the methylene- ureas A and B. The formation of formaldehyde 
(as described above) and the analytical determination of CH^-groups 
both showed that the end product does not contain much less than 
2 formaldehyde radicals (methylene and methylol groups) per urea-radical 
(thus corresponding, to the schemes (XI) to (XIII)) ; consequently, 
practically no primary NHj groups will be present. In determining the 
amido-groups in three fractions of esins, corresponding to subsequent 
stages of condensation of dimethylol urea, we unexpectedly found that 
in the initial stages (II) and (Ilf), a large number of primary NH^-groups 
were present, although there were no such groups in the dimethylol-urea 
(I) itself (Table XVI.). 
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This result can be explained by assuming some components of the resin- 
mixture to have slnjctures of the kind (X) or of the kind of Meth B, 
w'ith ether-like oxygen (formula {XI\^). 


(XIV) 

(XlVa) 


CH,- 


H,N.CO.N<^ 

I 

N:h, . o . CH, 


^ px . CO . N « CH, 

CH» . O . CH, 

XH, . O . CH,v 

H*N . CO , XC XO . NH, 


The resin -forming process leads further to a disappearance of the 
NHj-groups, probably by linking (XIV) with other methylene, or 
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methylol compounds ; the fraction (IV) in Table XVI., which corres- 
ponds to the end-product, and also the resins Nos. 2 and 3, contained no 
longer primar>' NH2-groups. 

A direct determination of the molecular weight of resin No. 2 in 
formic acid gave only 400 as average value (Table XVI.). This relatively 
low result, which corresponds to a mean order of polymerisation not higher 
than about 5, does not exclude the existence of a certain proportion of 
much higher polymers. The products of higher technical value, which 
probably contain more highly polmerised components, are generally in- 
soluble (without decomposition) in formic acid and in any other solvent. 
It is therefore impossible directly to determine their molecular weight. 
Formic acid is the only solvent which dissolves at least the low-molecular 
resins apparently by forming formates. 

Composition and Structure of the Resins.— The above-described 
results show that these resins are much more complicated in structure than 
those which consist chiefly of polymers or isomers of Meth A or Meth B. 
They are mixtures of compounds containing little with compounds 
containing much oxygen ; the latter probably include the groups 
CHg. O . CHjj or CHjOH ; they may also contain tightly bound HgO. 
Table XVI. shows the analytical composition of a numl>er of such resins, 
in nearly the “ final ” state. Other rc*sins have, however, a different 
composition ; the only general rule is that the composition lies between 
that of dimethyl urea and that of Meth B and/or dimethylene urea. 
From the data corresponding to the stages (I) to (IV) in Table XVI. 
one sees that (11) still has the composition, but not the structure, of 
the initial dimcthylol urea ; in (III) and (IV) the N- and C-vaiue.s 
became gradually higher, so that the composition of (I\’) only .slightly 
differs from that of Meth B. The resemblance is, however, only super- 
ficial ; the determination of the water and formaldehyde lo.sses diiriag 
condensation indicate that, in the resin.s, the content of formaldehyde- 
radicals must be much higher, and the polymerisation must have pro- 
ceeded much further than in Meth B. The increase of N and C is 
obviously due to the greater loss of water and smaller loss of tormal- 
dehyde than to the formation of Meth B. 

With progressing formation of resin, the substance gradually loses its 
methylol group.s (which have by now fulfilled their protective action), 
for instance by rings -formation from several molecules (XI). The most 
important components of the final, insoluble and infusible product are 
polymeric dimethylene ureas. The product contains, however, all kinds 
of their isomers, more highly oxygenated substances (e,g, XI or XIV) 
and other related compounds, as well as Meth A and Meth B. 

The occurrence of ring-systems in resins is proved ; open chains 
can form (if they are present at all) only a part of the resinous mixture, 
stabilised by them as a solid solution. It can be supposed that not only 
one-dimensional “ ring-chains ” of the kind (XII), but also net-like 
compounds {e.g., XIII) are formed in the course of conden.sation and 
present in the final product, e.^pecially in the technically important 
resins. 

As to the size of the mclecules, it was proved that some F*U. resins 
have a relatively low molecular weight. In spite of their low degree 
of polymerisation the pure methylene ureas (the monomere tool) as 
well as the resias are infusible and only slight, if at all, soluble in 
water. The formation of ionic complexes or micelles in acid solution 
(see the paper “ Ionic Complexes of Polymeric Compounds **) indicate 
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that, in the solid products also, the lowly polymerised components are 
united to micelles. By the fonnation of micelles andjor ring-systems the 
products obtain the character of insoluble and infusible substances. Of 
course, it is also possible that certain U.F. resins attain a higher 
mean degree of polymerisation which, however, has not been proved, 

IV, Observations as to the Reaction Mechanism, 

The later a fraction of methylene ureas is deposited spontaneously 
from the solution, the higher is, generally, the average molecular weight 
of the precipitate (cf. frartion.*^ {a) to in Table V.). Tliese results 
indicate that the polymerisation proceeds by stages. 

Formation of Ions in Acid Solution of Methylene Compounds, 
— By adding sodium hydroxide to a clear aqueous solution of the methy- 
lene-com()Oiinds the latter are at once iJrecipitated from the solution ; only 
in slightly acid solutions do they remain dissolved fur some time. (Under 
ordinary conditions the solution is always slightly acid, due to the forma* 
tion of formic acid from fonnaldchycle.) This indicates the formation 
of small quantities of formates from methylene urea and formic acid ; on 
addition of alkali the unstable base is freed and decomposes quickly with 
precipitation of Meth A or Meth B. This ;is.suniption involves the 
maintemince in solution of a large number of insoluble neutral molecules, 
bound to a (oniplex by one single ionogenic molecule. This is what 
actually occurs, according to Wo, Pauli, with the so-called “ electro- 
cratic ” colloids. We intend to investigate this question more closely, 
although the instability of the solutions makes it rather difficult. 

Quite riifTerent are the relations in the ciise of resin 'Solutions (prepared, 
for instance. fn)m dimetliylol urea). They are stabilised in alkaline 
solutions. The methylene ureas have obviously an electro-positive 
(haracter; this assumption agrees well with the formation of formates 
in absolute formic acid, proved by measurements of electric conductivity. 
The resins appear to be amphoteric compounds, because acid methylol- 
groups are prt^sent in their molecules. During the resinisation-reaction, 
tfie negative methylol ureas are gradually transformed, with loss of 
methylol groups, first into an amphoteric intermediate form (resins), 
then into an elect ro-positive methylene derivative. The resins occupy 
thus an intermediate position between the methylol and the methylene- 
compounds, not only in relation to the conditions of their formation and 
their composition, but also in their electrochemical properties. 

Tile role played by the acid in the polymerisation-process seems, 
however, to be based on a linking different from that in the formates. 
In studying the change of the concentration of H-ions during the poly- 
merisation of climethylol urea wc found indications of the acid being 
bound by the reacting substances. The measurements are not very 
reliable, because of the inhomogeneities occurring in the mixture. The 
A-valucs are found to decrease in the first stage of condensation, but 
later to incre^Lse again, and finally to approach their initial magnitude. 
The increase of A in the later stage is probably due not to the original 
acid being set free again, but rather to the formation of fresh formic acid 
from formaldehyde (Tabic XVU.). The minimum of A corresponds to 
the longest time the solution remains clear ; before this point amorphous, 
ofier that resinous deposit.s are precipitated cm cooling. 
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TABLE XVII.—Valubs of A X io». 
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Following A. E. Dixon, we may assume the acid to be bound in a way 
similar to that in which it is bound in the esters. In this case, the 
scheme of polymerisation would be as follows : 


HCl Ha 

R.NH.CH.OH ► R.NH.CHjCl R.X«CH, 

1 

R«N 

\/ 

CH, 

K 

I 

2R . NH . CH, . Cl ► R . XH . CH, . X— CH,— . . . 

If the acid is freed intramolecular ly^ we obtain the monomeric (soluble or 
insoluble) form ; if it is freed iniermolecularly\ we get polymers. The 
actual direction of the process depends on the initial A-value. The 
polymerisation by heating of the dr}*^ methylene ureas can also probably 
proceed without the catalytic action of an acid (formic acid). 

Summary. 

The U,F,-resins contain generally components of ditferent composition, 
structure and molecular weight. Their mode of formation, and their 
composition are both intermediate l>ctwecn those of the easily soluble, 
ciTStalline methylol comjx»unds and of the nearly insoluble, amorphous 
powders of the methylene compounds of urea. We first descril>e the pro- 
perties of the methylene- ureas C,H 40 N, (Meth A) and the higher oxygenated 

(Meth B), and study the properties of the complicated resins 

themselves. 

With methyltnc -compounds, we have determined the molecular weight 
(in formic acid), and the primary amidogroups (as end-groups) : both 
methods gave identical results as to the molecular size. For the deter- 
mination of the elementary composition a simple method was evolved, 
which is based on heating with magnesium-chloride. The dissolution of 
the methylene-compounds in formic acid was found to be accompanied by 
formation of ionic complexes or micelles. 

By fractionation, we separated a monomer. Further fractions con- 
tained polymers, but with a comparatively low average molecular weight 
(dimers or trimers). These fractions are not mixtures of the monomer 
with more highly polymerised substances. The last fractions, which are 
insoluble in formic acid, contain trimers. 

The high specific viscosities in formic acid arc similar to those of all 
other urea-derivatives, and are probably influenced chiefly by the com- 
plexity of ions. 

Formulae are proposed for the constitution of the compounds, Meth A 
and Meth B. The monomer contains one, the dimer ^ NHt-group ix^r urea- 
radical. 
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Meth A exists in two forms» soluble and the insoluble ; the latter prob- 
ably has a ring-structure, and is the main product at higher concentrations 
of the H-ions — i)- 

The methylene-compounds appear not only as euthymorphic " powders, 
but also as mesomorphic " resins. By fractionating Meth A we have 
been able to obtain a si^l fraction having the composition of pure Meth A 
and the molecular weight of a dimer, with the properties of a resin. Of 
the fractions of Meth B, the last is always resinous. One fraction of 
Meth A contains — usually to a very small extent — a different compound, 
with more oxygen, being probably bound in an ether-like manner. The 
methylene-urea prepared by the ordinary method is therefore not com- 
pletely homogeneous. Similar results were obtained with Meth B. 

With decreasing concentration of H-ions the yield of euthymorphic 
methylene-urea deposits becomes smaller. If the proportion lU per 2F is 
maintained, resins appear instead. All reactions le^ing to Meth B at 
high H-ion-concentrations, yield resins under conditions which slow the 
reaction down ; these are more complicated than those formed from Meth A 
or Meth B. 

By fractionating them, we obtained soluble fractions, which contain 
more oxygen (methylol groups/, and insoluble fractions with less oxygen. 
The former act as '* stabilisers " or protective colloids," keeping the latter 
in solution. Dilution with water counteracts the protective action and pre- 
cipitates the insoluble components o*’ the mixture. An opposite effect is 
caused by concentrated saline solutions. 

The determination o{ water lost during the condensation indicates the 
formation of ring-systems. From the amount of alkaline metals absorbed 
it is concluded that one methylol group (or one mol. of tightly bound water) 
is present per two urea radic^. 

In the course of resiniftcation of dimethylol-urea, the resin becomes 
poorer in oxygen and approaches the comix>sition of a pol^mieric dimethy- 
lene-urea. The composition of the end product lies midway between those 
of dimethylol urea and of .Meth B and;or dimethylene-urea. 

The linking of the inonumenc molecules either correspond to true 
polymerisation or involves condensation as well. 

The precipitation of the methylene-compounds by alkalis indicates the 
existence of ionic complexes dctermmeii directly by another method. 

The methylol group possesvsing pro{>erties of a w'eak acid, the resins 
with properties intermediate l>etw’een those of methylene and of methyiol- 
ureas, can be generally exjxscted to be amphoteric. 

The polymerisation appears to proceed in steps. Acid disappears at 
the beginning of the process, and reappears to the end of it. 

In spite of their low' degree of polymerisation the products, by the 
formation of micelles and/or rmg-systems, attain the character of ins<^ubie 
and infusible substances. Of course, it is also possible that certain U.F. 
resins attain a higher mean degree of jwhmehsation, but this has not 
been proved. 
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During the investigation of the urea-formaldehyde condensation 
(described in the foregoing paper) we established the structures and deter- 
mined the molecular weights of two methylene-derivatives of urea, C,H|ONt 
{** Meth A ”) and C5HioO,N4 (** Meth B especially of the first one. By 
determining the primary NH, -groups (by means of nitrous acid), and by 
measuring the molecular weight (using both the cryoscopic method and 
that of Barger-Rast) we found that Meth A and Meth B both form polymers, 
containing primary NH, -groups on one end of the molecule. We therefore 
proposed the following formula? for the three polymeric forms of Meth A : 

I. H,N . CO . N - CH,. II. H,N . CO . NH . CH, . HN . CO . N = CH,. 
III. H,N . CO . NH . CH, . HN . CO . NH . CH, . HN . CO . N = CH,. 

TABLE I. 
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Table L shows that the degrees of polymerisation P|, caleulated from 
the determination of NH, -groups, agree well with those, P,, found by direct 
measurement of the molecular weight of Meth A dissolved in absolute 
formic acid, A large number of fractions (only a part of which are included 
in Table I,) were prepared either by spontaneous deposition, by polymerisa- 
tion by heat, or by extraction with hot water. Table I. shows that the 
degree of polymerisation of all these products is somewhat low. The 
trimer is seldom attained ; most fractions give values lying between those 
of the monomer and the dimer. It was possible to prepare the monomer 
and the dimer, although probably not yet in a perfectly pure state. 

Despite the practical identity of the molecular weights calculated from 
the NH, determination with those found by direct measurement, the 
results became somewhat doubtful when it was discovered that solutions 
of methylene-urea in formic acid have a marked electric conductivity. 
This must be due to the formation of salts (formates). In Fig. i the 
conductivities are 
platted against the 
square root of con- 
centration for urea 
itself and for a 
number of its deriv^a- 
tives, containing one 
or several methyl-, 

phenyl-, or methylol- 
groups. T he con 
centrations are ex- 
pressed by the 
number of mols of 
urea-radicals per 
litre. The methylol 
compounds are re- 
lated genetically to 
the methylene ureas , 
the four curves in 
Fig. I illustrate the 
electrolytic l>ehav- 
iour of the last sub- 
stances in mono- i t -- — 

meric and dimeric " Svm. Diphenvl Urea. 9. Methylene Urea, " A.* c. 

DimethyU)! Urea 10. Urea. 

'I Monouieth viol Urea. n. Methyl Urea 

V * c*eari\ ^ MethvieneUrea/*B. 'fi. li. Svni. Dimethyl Urea, 

shows the influence Methvienc Urea. ' B.'V. 13. Tetramethvl Urea, 

of the .substituents ^ I'henylUna. 
uj^n the conduct- 
ivity. The following rules hold : positive ’’ groups {e g. methyl) increase 
the conductivity (as compared with that of urea itself) ; “ negative 
substituents decreasi? it. A second substituent of the .same sign enhances 
the action of the first ; substituents with different signs mutually weaken 
their influence. Methylene and methylol are both " negative sutetituents, 
thus resembling phenyl. Methylol ( — CH,OH) has the strongest influence ; 
niethylene (in the form of — N : CH, or — HN . CHt — NH — ) comes next, 
phenyl last. The position held by methylol in this series is due to its 
slighriy acid character. An analogous explanation must be given for the 
fact that the Meth B-cur\^eB lie generally ^low those of Meth A : the first 
compound contains relatively more oxygen, probably because of the 
occurrence of a CHiOCH, grwp (or of a CH,OH-group) in its molecule. 
T^ higher conductivity of the dimers as compart with the monomers 
will be discussed below.* 

* The monomer is marked a, the dimer with c. 
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In the second column of Table I., are collected the equivalent conduct- 
ivities X of the single fractions of Meth A. The numbed given are those 
found for o*i N solutions (urea radicals being treated as divalent)* From 
these data, we may calculate the corrections which must be applied to the 
values P, or Pi, in order to take account of the electrol3rtical dissociation (the 
degree of dissociation a is about 15 per cent, at this concentration.^) In 
the case of polymerising ions, even a relatively small dissociation may cause 
an important correction, which becomes greater with increasing Pf 
Table I. shows that the re-calculated (apparent) degree of polymerisation 

p 

p ~ L_ is I s instead of i in the case of the “ monomer of Meth A 

• I — 2olPi 

(exp. i), and as much as 6 (instead of 2) in the case of the ** dimer of the 
same substance (exps. 7 and 8).* 

If the newly calculated polymerisation-degrees P, were to be considered 
as the real ones, then the NH t-determination must be wrong and the 
accordance of its results with those of the direct measurement of molecular 
weight a pure coincidence. Two arguments support the assumption that 
this is not the case : (i) The observation that the above-mentioned co- 
incidence occurs in all cases ; and (2) The fact that the NH,-niethod was 
found to give satisfactory results in the case of the methyiol compounds of 
urea, which, although related to the methylene-comp>ounds, are much less 
stable than the latter. No danger exists, therefore, of error due to decom- 
position of Meth A and formation of formaldehyde during the measure- 
ments. ♦ The degrees of polymerisation Pj obtained by the NH, method 
(identical with the values Pg) must therefore be explained in a diderent 
way. The explanation may be the formation of ionic complexes. The com- 
plexes must be ions, and not associations of neutral molecules, because only 
the assumption of complex ions can reconcile the degrees of polymerisa- 
tions Pi and P, with the conductivity measurements. We must assume 
that the formation of complexes counterbalances exactly the increase in 
the number of particles due to electrolytic dissociatioa. 

If the particles linked in this way to the original ions are themselves 
ionised, then the degree of complexity (which is only a mean value, like 
the degree of poHmerisation P) can be calculated by means of the formula 



(or, for Meth B, A’, i/(i — -ixPi))- For the dimers of Meth A (exps. 7 
and 8), A, is in the neighbourhood of 3, for the dimers of Meth B (exp. 13^ 
it is about 6. On the other hand, we may assume the particles linked to 
the primary ion in the complex to be neutral molecules. In this case, 
the degree of complexity w^ould be A, = i -f 2«Pi. The values A'g are 
generally smaller than A,. Moreover, they increase with increasing Pg. 
For the dimer of Meth A, A, is approximately 2 (Table L). By multiplica- 
tion of Ki (or A,) by P„ we obtain the number of urea radicals in one 
{pol>^alent) ion — a number including both the degree of polymerisation 
and the degree of complexity. 

In making the calculation^, we assumed the ions to have either the 
valency 2P1K1 or (in the case of neutral partners ionning the complex) 
the v^ency 2Pj. We further assumed the value «* 60, which was fouhd 
experimentally for other formates dissolved in formic acid. We dis- 
regarded the diminution of the -value which may be due to the greatw: 

- The molecular weights were determined at this same concentration ; they 
change, however, only very slightly with concentratioii. The value of a was 
calculated by putting « 60 (see further below). 

* Meth A is taken as divalent ; the corresponding equation for the tetra* 
valent Meth B is Pg PJii ~ 4aPi). The numbers fotind for the monomeric 
and the dimeric fiaction arc printed in italics in Table I. 

• A decomposition of this kind could produce new NH|-end groups ; in this 
case the P|- values found would be too small. 
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size of the particles, caused by polymerisation as well as by formation of 
complexes. As shown by Fig. 2, the equivalent conductivities A of the 
methylene ureas increase slowly even at the highest dilutions ; it is 

therefore impc^ible to determine Aqq by graphi- 
cal ex^apolation. 

This slow increase of A and of a, as well as 
the small absolute values of these magnitudes, 
must be due to the presence of complexes, 
which are well kno\^Ti to cause phenomena of 
this kind. In Table I. we gave the equivalent 
conductivities A (calculated for i mol. urea- 
radicals per 2 litres) for o-i N solutions of differ- 
ent methylene urea fractions. By assuming 
monovalency of the monomer, and calculating 
the equivalent conductivity for i urea-radical 
per litre (still using the value 60 for A^q ) 

we still obtain numbers which are much smaller 
than these? found, for instance, for sodium for- 
mate in fonnic acid. Table IL shove's that 
sfKiumi fonnate is almost completely dissociated 
already at a dilution v = 4-9. In the case of 
the monomer .Meth A, however, this dilution 
corresponds to a degree of dissociation of not 
more than 20 per cent, (not more than 10 per 
cent., if we assume divalency and A^^j = 60, 
giving together mx ~ In Fig. 2 the con- 

ductivities Ajpn. (calculated for i mol of urea 
per litre, irres|>ective of the degree of poly- 
merisation j are plotted against the square root 
of the concentration. We recognise a slow in- 
crease of Agn»., w hich continues even at the lowest 
conamtrations, thus pointing towrards a gradual 
“ activation of all possible valencies of the 
molecule. 

Ihis behaviour suggests that the particles 
which lead to the formation of the complex ion 
are neutral molecules ; it is therefore probable 

















Fig. 2. 


that the smaller v'alues have a more real meaning than the Ki values. 
It is, however, to be kept in mind, that the K, v^alues also increase with tn- 
creasii^ degree of polymerisation ; in cases of high polymerisation (although 
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not in the one we are now concerned with) they may obtain quite con- 
siderable values. 


Meth A monomer. 


TABLE IL 


V 

- 2*4 

4-8 

HQH 

B 


70*8 

H 

306 

6X2 

1224 

Agm. * 

10-3 

D| 

m 

B 


23*0 

B 

^77 

295 

38‘0 


NaCOOH. 


1 

!' ■ I 4-9 

II-4 

! ! 1 

22*8 j 24*0 j 32*0 

1 ! 

457 j 47-0 

oo 


i 

Agm. . 1 54*2 

1 

59 '<^ 

I ! 1 

02*2 I 50-7* 58*0* 

1 i t 

03* I* j 1 

i i 

66 

) 


• Measurements by Hantzsch. Other data are by Schlesinger and Martin ; 
taken from P. Walden, Das Leitvermd^en der Ldsun^nt, II., zfH (1Q24), Leipzig, 

Fig. 2 shows further that the equivalent conductivity generally increases 
■with the molecular 'weight and degree polymerisation P,, On Fig, 2 
are indicated the corresponding molecular ’^eights ; the upper curves are 
those with the highest molecular weights. It is not improl^ble, that this 
increase is due — at least partially — to the changes in the substitution of 
NHj-groups which are concerned with polymerisation (the combination 



H-jN N : CH, being transformed into , HN , CH, , NH . ; see above). An 
analogous connection exists between the specific viscosity and the degree of 
polymerisation (Fig. 3) . The parallelity between the specific viscosity and 
the equivalent conductivity, as well as the high absolute values of the former, 
may be connected with the complexity of the ions. The viscosity is of 
the same order as that of the others (non-polymerising) derivatives of urea 
(cf. this voL, p. 383, Table VI.). 
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The shape of the curves showing equivalent conductivity as a function of 
dilution is, however, somewhat different in the case of urea (or the methyl 
ureas) and that of the methy- 
lene ureas. Fig. 4 shows 
that the curve for urea a|^ 
proaches a constant limit 
which is not very different 
from Aqo =s 60. Since the 
concentrations are measured 
by the number of urea-mole- 
cules per litre, this result 
indicates the monovalency 
of urea ions, since the value 
Aqo — 60 was found for 
monovalent ions. (Our pre- 
vious arguments are, how- 
ever. not changed in prin- 
ciple by the assumption of 
monovalency. The values 
of at are to be doubled, and 
the equation for A", be 
comes A, t 4 aP,). Sym- 
metrical diphenyl-urea and 
s\tnmetrical dimethyl di 
phenyl-urea show some re- 
semblance with the methy- 
lene-ureas inasmuch as their 
A|p,i,-values are relatively 
much smaller. ♦ 

The average structure of the methylene- urea ct.>mplexes is illustrated 
by formula (IV). (The free charges are not shown.) indicates the 
degrt'f of fsdymcrisation, K, the degree of complexity, and R an acid radical. 

1 1\ I :H,N . CO . NH . ( Hr- (HN . CO . XH . . HN . CO . N : CHJt 

./\ /\ /’ 

R H K H K H K H K H RH 

The methylene-compounds of urea are ck>sely connected with the urea 
formaldehyde resins^ (cf this voL, p 377). Since the polymerisations 
leading to the formation of resms are also catal>"sed by acids (usually by 
formic acid), it is not impossible that ionic complexes may play a r6le in 
this process, in which higher |X)Iymers are surely involved. Already, with 
P, «= 5^ we obtain from A'* i -r- ixP^, — 55 (at this high dilution, 
a must be equal to i). The formation of complex ions caxmot change the 
mean degree of polymerisation, the quantity of acid present being \mry 
^^mall in comparison wdth that of urea. It would seem possible that the 
acid may catalyse not only the ordinary polymerisation process, but also 
the fonnation of complexes, in the following way : First, the acid ion 
associates itself with a neutral molecule ; tl^s charged system attracts 
more molecules and a complex ion is formed. Finally, the acid ion leaves 
the complex (if only to associate itself with some other i>articles). The 
remaining neutral complex may hold together, even after the loss of the 
charge. 

Summary* 

The comparison of electrical conductivities of monomeric and polymeric 
methylene-ureas in formic add with the results of the direct determination 

^ Meanwhile it lias been stated that all ureas, too, form complex ions in 
formic acid, also to an extent that the influence of electrolytic dissodatioa is 
counterbalanced. 



ITg. 4. 

4 Sym Dimethyl Urea. 

II. Methvl Urea, 
in Urea.' 

IV. Phenyl Urea. 

V' Sym. Dimethyl Diphenyl Urea, 
VI Sym. Diphenyl Urea. 



403 


INSOLUBLE AND INFUSIBLE RESINS 


of the molecular weights in the same solvent, as well as with those of the 
determination of primary NH, -end-groups shows that ionic complexes must 
be present in these solutions. 

In the formation of complexes the increase in the number of particles 
due to electrolytical dissociation is always exactly counterbalanced by the 
decrease due to the production of complexes. Direct determinations of 
molecular weight give therefore results which show no signs of electroi3rtical 
dissociation. Only from the results of all three methods together — deter* 
mination of the end-groups, conductivity and molecular weight — is it 
possible to show the formation of complexes. The equivalent conductivity 
varies with the degree of polymerisation and wdth the nature of the 
stituents in the amido group. The influence of positive and negative 
substituents has been examined. In formic acid all ureas give complex ions. 

The degree of complexity increases with growing polymerisation. The 
complexity can, however, obtain remarkable values even at very low poly- 
merisations under certain conditions. 

The formation of complex ions makes the equivalent conductivity of 
the methylene urea formates appear low as compared with that of other 
formates. 

As a hypothesis, it is suggested that in the formation of resins from 
urea and formaldehyde the formation of ionic complexes or micelles 
(in slightly acid solution) plays a certain r6Ie additional to ordinary 
pol)merisations. 


CONDITIONS UNDER WHICH INSOLUBLE AND 
INFUSIBLE RESINS ARE PRODUCED, ESPECI- 
ALLY THOSE FORMED BY ARYL-SULPH- 
AMIDE AND FORMALDEHYDE. 

By Georg Walter, Vienna. 

Received in German, gth September, 1935* and translated by 
Dr, E. RabinOivitch. 

The aryd-sulphamides offer a very convenient example for the investiga- 
tion of the conditions under which soluble or insoluble, fusible or infusible 
resins are produced. By simply changing the number and/or the nature 
of the substituents (SOfNHj) in the benzene ring it is possible to change 
the properties of the resins formed by condensation of the sulphamide 
with formaldehyde. This problem, moreover, has a technical interest : 
resins which, by continued polymerisation or condensation, finally become 
insoluble and infusible (a process known as ** hardening ”) are of special 
technical importance. Important examples are the so-called phcnoplasts 
and aminoplasts. The latter include the urea formaldehyde resins. 

The condensation of phenols or amides with formaldehyde can be 
considered as a two-stage process, (i) The primary temdensaHm of 
phenol or amide with aldehyde, giving a “ primary condensation product,** 
and ( 2 ) the further condensation or polymerisation of the primary pro- 
duct. Process (i) leads to the formation of a product containing methy- 
lol groups (CHgOH). (These groups substitute for instance an H-atom 
in the benzene ring of phenol or in the NH, group of the amide). The 
methylol group can bring about further polymerisation in two ways : 
either by intcrmolecular dehydration, as in (2a), of by intramolecular 
loss of water, followed by a combination of two dehydrated molecules 



G. WALTER 


403 


— as in { 2 b). Both may lead to the formation of one and the same 
condensation product : 


2 R . NH, -f 2CHaO 
(i«) / \ (lb) 

y \ 

^ i2b) 

2 R . NH . CHjOH 14 2R . N - CH, 
/ 

(2«) /(2b) 

\ >r' 


In order to link together more than two molecules, the basic molecule 
(phenol or amide) must contain at leai>t two active-atoms. In the case 
of phenol, aromatic H atoms in appropriate position in the ring may play 
this r6Ie ; in the case of the amide«, those of the NHj-group.' To 
enable the formation of a doubly bound methylene group, as in (26), the 
two reacting H atoms must })r eacli other. 

Until recently, only soluble and fusible resins were known belonging 
to the ar%d sulphamide class. They were obtained, for instance, by con- 
densation of p-toluene sulpiiamidc with formaldehyde. We found that 
by introduction into the molecule of a second group capable of reacting 
with formaldehyde, eg., another SOjNHj, or CONHj, or simply NHj, it 
is possible to obtain insoluble and infusible resins, w’hich can be hardened. 

Products of this kind were prepared for instance from w-benzene 
di-sulphamide, from I, 3, s-benzene tnsuiphamide, from meta- and para- 
sulphamide benzamide, from the aniline sulphamides, etc. Analogous 
results were obtained in the series of naphthalene sulphamides : The 
mono-sulphamidcs produced soluble, the di- and tri-sulphamides insoluble 
resins.* 

These exfuiriments lead to the general conclusion,* that in order 
to obtain hardened resins, it is necessary to use substances w'ith more 
than one active group in the molecule. 

ExcepliofLS to tliis rule {i.e., cxises in which, despite the presence of 
two active groups, no insoluble resin.*’ can be obtained) occur either 
when one of the two groups does not react with aldehyde, or when the 
product of this primars’^ reaction is in some w^ay inhibited from further 
polymerisation. The first phenomenon sometimes is due to too great 
an accumulation of substituents, so that the reactivity is so much de* 
creiised that the polysulphamides do not react with aldehydes at all. 
Acetaldehyde forms condensation products with the aniline mono- 
sulphamidcs, but not with the corresponding di- and triamides. The 
sjune observation was made on some crystallisable products : Benz- 
aldehyde reacts, for instance, w-ith the monosulphamides (giving benzy- 
lidene derivatives) but not with polysulphamides. The orfAo- position 

* ** Bilunctional ** gn>ui>«, as defined by Carotbeim. 

* Details may be found in the papers by G, Walter and collaborators. Kofioid^ 
chem. BeihefU, 1933, 37, 343 aod 1934, 40, x. 

* C/. the dmertation by A, GlOck, Univ, of Vienna, 1930. The same rules, 
based on difietent experimental xnateriaUi, were since enounced by other authors 
as well ; c/. further the s>*stematlc investigations by Carothers. 
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of two substituents may also sometimes inhibit reaction. Aniline 
(?-sulphamide gives with acetaldehyde only a wono-ethylidene compound, 
whereas the corresponding ^neta and />ara-su!phamides form di-ethylidene 
derivatives. 

In the second case, both groups take part in the formation of the 
primary condensation product, but despite this fact only soluble and 
fusible resins are formed as final products. In this case again the ortho- 
position of the substituents accounts for the failure to polymerise. 
Aniline (?-sulphamide forms, for instance, only fusible resins, although 
both groups take part in the primary reaction and produce a dimethy- 
lene compound as primary condensation product. The corresponding 
meta and para compounds give methylefxe-methylol derivatives as primary 
condensation products, which are able to polymerise further, until the 
products become insoluble and infusible. 

It is thus proved that steric hindrance is responsible for the deviations 
from the rule. 

Table I. shows some of the substances investigated, together with the 
end-products of their condensation. We investigated the condensation 
of aryl sulphamides, of the aryl sulphamide-carboxamidcs, and finally 
of the aniline sulphamides, with different aldehydes. Where the con- 
densation products ate pure methylene compounds, the formulae in the 
Table give the true elements of the structure forming the polymer. 
In the cases of more complicated polymers (which are generally methylol 
methylene compounds) the formulae give only an approximate idea of 
the average composition of the resins. So far, neither the exact position 
of the single substituents, nor the molecular size of these “ hardening ’* 
resins has been definitely established. 

The structure of resins which are formed by the mono-sulphamides 
was established W’ith a fair degree of certainty (p. 406). 

The increase in the number of groups has a double effect. Firstly^ 
it increases the number of different possible reactions, and thus leads to 
a greater variety of polymerisation products — a result favourable to the 
formation of resins. Secondly, it favours the possibility of chain for- 
mation, thus favouring the formation of insoluble and infusible products. 
If one active group alone is present, only one-dimensional chains or 
simple rings can be formed. The presence of two or more active groups 
involves the possibility of the formation ot networks, complicated ring- 
systems, or even three-dimensional structures. Staudingeris one- 
dimensional polystyrenes* remain soluble and fu.sible even at a very 
high stage of polymerisation ; the urea formaldehyde resins, l>eing the 
condensation products of a basic molecule w^ith two active groups, are 
insoluble and infusible, even at a very low stage of polymerisation. 
This is the result of the ring-structure of these polymers. The capacity 
to “ harden i.s therefore due less to a high degree of polymerisation 
than to the formation of ring-systems, — more to the constitution and less 
to the molecular size. Incidentally, the insolubility of “ hardening; 
polymers is, in itself, one of the causes which prevents them from growing 
further. 

^The above discussed rule enabled us to expect di vinyl-benzene to yield 
hardening ** resins. This prediction was confirmed by Staudinger*» experiments. 
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TABLE 1. 


Amide 

Alde- 

hyde. 

o*to1u«ie* 

sulpbimide 

formal- 

dehyde 

ptolume- 

sutpbamide 

*• 

m<b«nsene 

diwlphamidc 

M C 

p-sulphatuido 
(yentamide j 

1 


in sulpbamido 1 

^<^n^amide I 

J, 5 bensene 1 

truulpharaide 1 

; loo short 1 

Londensalkm | 

NapbthsJenei- 

ruonosulpbamide 

i 

“ 1 

1 

i 

naphthalene- 1, 5- 
duulpUamide 

•• 

nsi^htbalene i. 3, 5* 
tnsult>bainid« 

naphtbaiene-t* | 

nioootttifHiamkie 
at tow temp.) 


anltine-o- 

«u)i>bamkie 

>« 

inilioe^' 

sulphsmidr 

«« 

.^aiUne-#>- 

smphamkte 


undine-tri 
kulpbainidr 
(low temp.) 

- 

aniline -»• 
tulpbamlde 

aosutde- 

hytte 

antiioe-m* 

sulphamidc 

•• 

aniline-^ 

tolphsinkle 



Composition of the End-product 
(see p. 404). 


Sec p. 406. 


Ho . NH . CHjOH 


Nature of tbe End-product. 


Crystallisable. 


iTransformation ^ 
products and I 
components I 
of toe resin ' 


C,H, 


SO, NH . CH, . NH . .SO, 


CO . NH . CH,UH HO,HC . HN . (X; 
; ‘:SO,VN:CH,V’^H .CH,OHl 




j 






CH, 


C„H/ 

^ SDiN -"^ * '•<) 

\,h/ 

i tSO.VN 

C,»H, , SO, . N(CH,OH\, 
y'SO, . N : CH, 


C,H, 


CH, 


\n. 

^NH . CHjOH 
ySO,.N rCH, 

C,H,s; 

NH .CH,OH 
/NH. 

C.h/ (SO, .N;CH,}, 
yN : CH . CH, 




M), . NH, 
^N:CH.CU, 

SO, . N : CH . CH, 
/N ; CH . CH, 




SO,.N:CH.CH, 


Resin. 


Soluble 

and 

MelUble.| 


+ 


♦ of an rap^ially quicii and easy » bardenioc arc marked by two cwmm. 


Insolul^ 

and 

Uninelt' 

able. 


-f 

■f + * 

4 * 4 * 

+ + 


+ + 
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Constitution of the Aryl Sulphamide Formaldehyde ^resins. 


The results will be discussed here only briefly. The aryl mono- 
sulphamidc formaldehyde resins are transformed by the action of 
alcoholic hydrochloric acid, as well as by simple heating, into a mixture 
of crystallisable dimethylene and trimethylene compound (I.) and 
(II.). ■ Tlicscc ompounds are insoluble in potassium hydroxide, which 

easily dissolves the resin 
itself. They must there- 
fore possess a ring struc- 
ture. The main com- 
ponent of the resin itself 
is probably the methy- 
lene methylol compound 
(III), which yields (I.) 
by doccmiposition (to- 
gether witii free sul- 
phamide and formalde- 
hyde), and (II.) by simple 
dehytiration. The com- 
pound (in.) was ob- 
tained in a rr^’stallisable 
form by treating the re.sin with formic acid. Further, a methylene 
disulphamide (IV.) was obtained from the resin by extraction with 
benzene. The structure of all these c<impounds was established Ivy 
analysis and determination of molecular weight (se<‘ Table 11.) ; their 
percentage in the resin was determined as well. 

R . SO, 


TABLE II. 


Substance. 

Molecular Weight 
Measured in 
Phenol (Mean). 

Molecular Weight 
Calcttinted. 

Resin from o-toluene- 



monosiilphamide . 
Component compound 

400 

■ — 

(III.) . 

Transformation pro- 

5t5 

5<>7 

duct (I.) 

Transformation pro- 

37« 

366 

duct (II.) . 

5.^0 

549 


(1) R . SO, . > . SO, . R (11) R . SO, . .n'- . SO, . R 

NCH,/ x:n,/ 

(III) R . SO, R . SO, R . SO, (IV) R . SO, . NH . CH, . NH . SO, .R 

nil . CH, - Jr - CH, - ir . ch,oh 

R ^ aryl (toluyl, or benzyl). 


The ** hardened ’’ (insoluble and infusible) re.sin obtained from 
m-benzene disulphamide contains polymers of the dimethylene in* 
benzene disulphamide (r/. Table L). (Tystallisable j)roducts were Iso- 
lated from a number of hardened resins; we found them to contain 
CHj-groups linked in many different ways. (The naphthalene di- 
sulphamide formaldehyde resins contain, e.g., a CH^ . O . CH* group 
(c/. Table I.).) 


Summary. 

As a result of investigations of the condensation prcxhicts of the aryl 
mono- and poly-sulphamides, of the amides of the aryl sulphamido-carbox- 
amides and of the aniline sulpljarnidos, it w*as observed that the presence of 
more than one active group (i.e., in the case in question, of more than one 
primary amido-group) is neces.sary for the formation of insoluble and in- 
fusible resins. 



G. WALTER 


40; 


lilxccptions occur from steric hindrance (by too copious substitution), 
and in the cases of orMo- substitution which inhibit the primary reaction of 
the amide with the aldehytle, or diminisli the polymerising capacity of the 
primary condensation product. In Tabic I., the results of a large number 
of substances were investigated and rough fonnulae given for the average 
condensation products. 

The aryl-monosulphamide-fonnaldehyde resins were found to contain 
{or to yield) certain cr^^stallised dimolecular and trimolecular methylene 
compounds. A number of aryl disulphamide formaldehyde resins were 
found to contain pcdymeric dimethylene compounds. Some others are 
more complicated mixtures, containing methylene and methylol methylene 
comfx>unds. 

The properties of insolubility and infusibility were found to be doe 
chiefly to an appropriate constitution (formation of complicated ring- 
S3rstems, made possible by the presence of two or more bi-functional ** 
groups in the basic substance), and much less to a high degree of 
fX)lymerisation. 


GEMsRAL l)JS(:rSSIO\, 

Dr. F. C. Wood {Matuhfst^'f) saic : It is interesting to find the author 
has suggested the ether linkage — (Tl, . () . CH, to his Methylene Urea B 
which Mr. A. M. Huttye and 1 fouml to occur in the condensation product 
of unsyrametrical dimethyl sulphamuie and formaldehyde giving 

XH.O.CH,. 

XMe, . SO, . X< >X . SO, . XMe,. 

\'H, . O . CH/ 

the (hhiculty in investigating the highly insoluble urea formaldehyde 
resin ct>injx»un<ls seems to indicate that a study of the sulphuryl diamide 
funiiaidehytle re.sui would givt‘ further clues to the structure of this type of 
condensation. I emphaMse that the due to the linkage of the type 

CIU.O.CH,. 

- N< Xn- 

\:h, . o . CH,^ 

came very easily iiom a brief study of a condensation of dimethyl sul- 
idiaimde and formaldehyde, which ^^as coniirmed by Walter's work later 
with the sulphonaiTiides. and therefore it is jxirhaps reasonable to suppose 
that the more solulile sulphuryl diamide formaldehyde resin would be more 
amenable to invtrstjgations on molecular structure and complexity. 

Professor K. H. Meyer {Gcnhr) said ; I think one ought to consider 
the reactions between urea and formaldehyde from a more general stand- 
jxunt, without intrmlucing sjx'cihc formuke. If urea reacts with a limited 
quantity of aldehyde, one can obtain the so-called methylene urea described 
by Dixon.* 'Fhis product, described by Walter as amorphous, show's, as 
Hemmi and Pankow found in Geneva, crystalline interferences. In its 
solubility it resembles the higher polypeptides of glycine. That is why we 
assume that it is a smnewhat high molecular polymer of the simple and 
regular formula 

HO . CH, . XH . CO . Sn . CH, . XH . CH, . NH . CO . NH . CH, . XH . . , 

In the presence of an excess of formaldehyde, one obtains water-soluble, 
highly viscous polymers, described by John.* We admit that the solubility 


Cktm. Soc., 1918, 113, 238. 


^Oestr. Patent, Nr, 78251, 191S. 
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in water is provoked by aldehyde groups attached in such a way to the 
chains as to form polyvalent alcohols of the following kind ; 

HO.CHj.NH.CO.N.CH, .N.CO.NH.CH, .N.CO.NH.CH, .N . . . 

(!;h,oh ^HjOH ^HjOH in , oh 

Finally, networks can be formed by cross linkings between the chains : 


in, 

HOCH, . NH . CO . N . CH, . it . 


CH,OH 


in. 


CO . N . CHjNH . CO . N . CH,N— CH . . . 

I:h, in, 

HOCH, . NH . CO~i{ . CH,N . CONH . CH, . NH . CO . . CH, . . . 

H, 


This product will show the properties of an amorphous insoluble resin. 
The reactions and the final products are determined by the relative and 
absolute concentrations, by the temperature, the />h» etc., and can be 
modified by adequate adaption of the conditions. 

Dr. G. Walter (Wien), in reply to Dr. Wood, said : The conformity he 
points out was of great interest also to me. It seems that the kind of 
connection of molecules of which he speaks is not so very rare in con- 
densation products of amides and formaldehyde. 

In reply to Prof, K. H, Meyer : It is of great interest to me that 
Hemmi and Pankow at Geneva have been able to establish cr^'stalline 
interferences in methylene urea, although other X-Ray workers ^ indicate 
an opposite result. If, however, Prof. Meyer wishes to apply a somewhat 
more general point of view (i.e, to draw conclusions from the approximate 
conformity of some of the properties of two polymeric substances that 
analogic conformity will exist with other important properties, e.g. the 
molecular weight) my very detailed experiments suggest that the greatest 
precaution must be used in making such comparisons and gencralisation.s. 
The methylene ureas, however, although in some respects resembling the 
higher polypeptides of glycine, cannot be assumed to be, necessarily, high 
molecular pol3mers : For each of the U.F. condenfiation products I have ex- 
amined, the remarkably low degree of polymerisation should be emphasised, 
together with the fact that, despite this, a noticeable formation of ionic 
complexes or micelles takes place ; this has been determined by me numeri- 
cally for each and every case and is important for .several properties of 
those products, f.g,, their small solubility, their infusibility, etc. The pro- 
bability of the formation of micelles (demonstrate<i in formic acid solution), 
the usual weekly acid solutions containing formaldehyde (having a similar 
D.K. to that of formic acid), and the part played by H-ions in addition to 
their influence on polymerisation, seem to be connected with the formation 
of micelles in acid solutions. I am glad to sec, however, that Prof. Meyer 
agrees with my final formulae.* 

Dr. J. R. Katx, in reply to Dr. Houwink, Dr. Carothers and Dr. 
Finlayson said : Dr. Houwink brings forward the interesting probl«n as to 
what it is we mean by “ rubl)er-like extensibility.'* FIvidcntly his definition 
and mine cover different phenomena. From a certain point of view, what 
we understand by a certain name, is au-bitrary ; but, on the other hand, 
the name ought to cover phenomena so closely related that it is natural to 
bring just those phenomena, and only those, under that name. Now, 
rubber-like extensibility being a phenomenon, as yet not yet really under- 
stood, it is still to a certain degree arbitrary, what comes under this name, 
and what not. 


^ See Bois du Chesne, Kolloidchetn. Beth,, iota, 
•Cf. Thuvol,,^, 390. 
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In its typical form — as in natural rubber, slightly vulcanised gutta- 
percha, hydrocarbon pf^lychloroprene, thiokol — we find substances which 
have an elastic and (approximately) reversible extensibility, permitting an 
elongation of 300, 500, or even more than 700 per cent. Moreover, these 
substances are all characterised by the typical form of their stress-strain 
curves ; by the development of heat (Joule-heat) on stretching : by 
** crystallisation and by formation of fibre structure, when stretched. 
In this form I have described the typical phenomenon in my book, published 
in German in 1034. 

Now I do not st*e tliat Dr. Houwink has sufficiently proved that any of 
his three substances : asphalt, glass and the D-state of phenol-formaldehyde 
resins is a rubber-like substance in the sense of my definition. On the 
other hand, 1 recogni.se w ith sincere appreciation the value of Dr. Houwink's 
researches on the large elastic extensibility of his resins in the B-state. I 
hojH* he will investigate how far those- other properties are present which 
T consider as ohciracteristic for real rubber-like extensibility. Let us not 
forgi’t that there are a numlxr of “ rubbi^r-Iiko " substances which do not 
show some t)f the characteristic <|ualities, or show’ them only in a weakened 
degree*. I'or instance, isoprene-heat-polymeri.sate has not shown crystal- 
lisation '' on stretching ; yet it develops a certain amount of heat and a 
certain amount of fibre structure when stretched. It would be very 
interesting, if Dr. Ifouwink would compare such sub.stances with the B-resins 
mentioned above, and see if p<"rhap.s these uncharacteristic porir *' rubber- 
like “ substancc^s stand half-way l)etwtvn real rublx^r and B-resins. 

Dr. ('art)thers* <loubt, whether the crystallinity high j)ohTneric sub- 
stances is a real cr^'staUmity raises a problem which seemed very difficult 
to answer when, first. X-ray sjxx'trography was applied to substances of 
this kind, and which, m the case of rubl>t*r. is even now not entirely clear 
to me I myself questioncnl whether the “ crv’stalllsiition " of rubber, 
when stretched, is a real crystalUsatu>n : I gave* expre.ssion to this doubt 
when writing my first publication ab«>ui the phenomenon ♦* and even ques- 
tioned whether w<* may not have to do with a new’ type of substances, 
which I called |)seuilo-cry5talline-amorphous ones. The structure of a 
liquid under atmospheres prt**ssiire fwhen it retains a certain amount 

of plasticity under this high pressure) is the closest comparisim. The 
molecules can U* forded into a three-dimensional arrangement, without 
fx?ing entirely comparable with a real crystal. In the Ciiso of rubb<?r the 
form of the molecule a long thread may l>e particularly favourable for 
the devck)f)ment of such a st.ate ; as the threads arc straightened by 
extension, they are press<?d laterally against one another, so that the 
fundamental units of the mokM:uh*s are forcesd into* the closest possible 
packing. 

On the other hand, we must admit that, after twelve years during which 
X-ray sj>ectrographical resc‘arch, all the facts have proved more and more 
♦‘xplicable by the hypothesis that where there is a crystalline X-ray 
j>attern. we have to do with real crystals ; with a new' phase in the sense 
of the phase rule. In the case of rublwr, however, 1 admit that the clear 
dtsamitnuity in the anisotropy curve (see Fig. 6 ) at the critical elongation 
suggests clearly- together with the X-ray data — that w’e have to do with 
a real clian^^c from an amorphou.s into a crystalline phase. Studynng the 
infiuence of temperature on this critical elongation, Professor Omstein 
(I'trecht) has even been able to apply the ClapeyTon equation to it. In 
the case of crystalline phases which can only exist under very" high pressures 
(several of the ices/' for instance) their equilibrium conditions are gov- 
erned by" the phase rule ; which seems to indicate clearly that they are real 
crystalline phases. 

NafutwisstnschafteH 1925, I3» 411 

I soon hope to publish about rubber-Uke \nilcantded guttapercha hydro- 
carbon and its analogy" with natural robber. 

14 
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I now come to the very important question raised both by Professor 
Kurt H. Meyer and Professor H. Mark : what degree of certainty can be 
attached to their calculations of the crystalline lattice of high pol>aneric 
substances and of the position of tlie molecules therein. These calculations 
in 1928 gave a great impetus to our understanding of the high polymeric 
substances and at that time provided one of the strong arguments for the 
long chain molecule. All agree that their work had th(‘ merit of putting 
us on the right track. But we are now in 1935, and I think it is surprisinjg 
that no one has investigated, as impartially as possible, to tvhat extent their 
arguments of 1928 were convincing, and to what extent there is grouytd for doubt. 

fYofessor Mark admits uncertainty, but he says that we may attribute 
to these models “ a somewhat high degree of truth." And he agrees with 
me that we must improve these ideas here and there, and that more or 
less important changes may have to l>e made ; although he states, too, 
that in his opinion the present jxunt of view will not have been entirely 
changed when the full solution is found. On this point 1 agree a gcKKl deal 
with him. 

lYofessor Meyer lx*lieves that when he uses thin films in which there is 
not only a parallel orientation of the crystals in one direction, but also an 
(orientation in the plane perjxndicular to this axis, one can calculate 
u ith certainty the three [Periods of identity and the elementary cell 'J'he 
same thesis was defended by an author who reviewed my book in 
Elekiroc hemic, 1935. In my opinion. lK»th authors an^ wnmg m making 
this statement. 1 'hey might have been right, if Iht* X-ray interferences of 
the high molecular weight substances were very shiirp {like those of NaCl, 
CaCOj, etc.). Bui with the lack of sharpness of the interferences, as 
observed in cellulose, silk fibroin and all such substances, we never can 
exclude the }X)s.sibility that what we consider as one interference may be 
made uj) from more than one. Moreover the orientation is often not so 
perfect as we would desire. These uncertainties affect the calculation 
of the (»lt‘mentar\- cell. Moretner all interferences with an angle of devia- 
tion d larger than 30 -40’" are completely absent, which excludes the possi- 
bility of control by higher orders of reflection : I regret the iither authors 
mentioned ilo not agree with my reservation, which st ems so plain to me. 

Both l^rofessor Meyer and l^rofessor Mark emphasi.se that the certainty 
of their s{x*eial nuKicL arises not only fnmi the X-ray data, but also Ixrcause 
the conclusions drawn from them are strengtbeneci by chemical evidence. 

I am unable, however, to rate the degree of certainty they have reached 
as highly as they do. 

I wish chietly to emphasise the need of work which dues not try merely 
to conhiTii or to attack their point of view, but which .set*ks an impartial 
di.scussitm of the following jxjints 

{a) Description ami measurement of all the interferences observed ; 
how far are we » ertam tliat all the interferences have lieen fcmncl ; tliat 
they are not ccuigkmi orates of more than one interference ; that they are 
not due to continuous radiation ; what " doubled interferences " mean, etc, 

(6) Checking of this information by oblique exposures : and by ex- 
posures in diHerent directions (jf Aims showing orientation in more than 
one direction ; careful discus.sion on the relative uncertainty of all the 
factors involved, 

(c) Calculation of the elementary cells ; how many and which difftrent 
.solutions accord with all the facts mentioned under (a) and (b) : which 
solution is preferable and whv ; which conclusionH can be drawn from 
chemical or analogous evidence, and their relative cogency compared with 
evidence drawn from only X-ray data. 

(d) Accurate measurement of the relative intensities (in pure mono- 
chromatic light) of all the interferences observed. The old rule that the 
relative position of atoms in the elementary cell requires necessarily such 
intemity measurements should not be given up in the more difficult case 
of high polymeric substances. 



GENERAL DISCUSSION 


411 


(e) The position of the molecules within the elementary cell. Chemical 
and analogous evidence will be needed for a good estimate. Other possible 
solutions should, however, be discussed, and compared with the intensity 
measurements, with the chemical evidence, etc. ; and the relative pro- 
bability of the different solutions should be made clear. 

Meantime we .should seek to prevent the presentation, in elementary 
text-books and in biological, biochemical or technical literature, of merely 
probable solutions, as though they were as good as proven. In every scien- 
tific subject there are thrcH^ typical phases of development. In the first 
one collects interesting facts and seeks to co-ordinate them ; in the second 
one j>ossible explanation of the whole mass of facts is presented ; in the 
third w'e have stiveral such explanations, and by an experimentum cruets 
can make a choice between them, which is to be considered as a certainty. 
The whole subject I have discussed alv>ve is really only somewhat fully 
developed into the second stage ; whilt it is more and more quoted as 
l)eing in the third stage. It is against this exaggeration of certainty that 
1 have felt it my duty to w^arn you. 

If preliminary, and still uncertain M>iutions of the problem are so 
presented they may be very us€‘ful for the growth of the subject. Hut 
they .should lx‘ so presented or cjuoted and with that degree of uncertainty. 

Professor Medvedev, in reply (see page 206) ieon:mi 4 nicaU:d) the opinion 

ik.Tgmann.* that the polyrnerLsaPon of i. 3-butadiene • takes place by 
way of a mono-so<iinm c()mpound. can hardly lx? concordant with the 
observed results without a spt‘cial .-^trained interpretation. The supposed 
inoiio-so<lium comixmnds of Hergmann r>f the typt^ : 

Xa-(H,-CTI CVl-CH, . . . 

are evitiently not stable, and cannot exi.^t for long as free radicals. 

In the cas<7 of an artificial stoppage of the reaction evacuation of 
the butadiene during {xdymerisalion in the ga.seous phase) these radicals 
would dimen.se or U* subjected to some other transformation, and the 
renewal of the process w'ould not In* |)<*,vsible. Howev^er, our experiments 
show that interruption, evtm for many hours, of the jxih’merisation process 
doi’s n«»t show" a marked change in th<- kinetics of the pnKess. Formation 
of the momestKbum coTnj.HHind was uned by Schlenk to explain the appear- 
ance of dimensiitiuii by the action of the alkali metals on non-s^Tiimetrical 
'»u Instituted ethylene. On the otlu r hand, Ziegler ^ showed that, by the 
action of sodium or lithium on 2, 3-di-inethyl butadiene and the decom- 
^K«si(ion of the formed prcxiucts l>y water, tetra-methyl ethylene is formed ; 
this IS a very substantial argument in favour of the formation of di-sodium 
cotnjHJunds, 

It is extreme) >’ possible that the major part of the pc^lymehsation 
process takes its course t>y means of a ehain mechanism in the same sense 
as was fonnulated in the tliscussion by Kideal and Mark. Polymerisation 
of di~ene hydnKarbons in the prestmee the alkali metals, however, is a 
particular case, which ditlers in the fact that the grow*th of the pohancrising 
molecule takes place as tlic result of a series of reaction.s in which the union 
of the monomer to the stable stxiium-organic comj^und occurs. This 
monomer is prolxibly activated in the process of “ solution in the polymear. 

One of the rc^sults of the stability of the intermediate products ('* active 
centres “) is the circumstance that the reaction “ chain ’* does not break 
an<i the polymerisation prtKess, after the attainment of a stationary stage, 
proceeds with a constant rate for an indefinitely long time in spite of the 
fact of interruptions. 

Dr. H. B. Welter (HousUm, Texas), in reply (see page 377) said : It ta 
interesting to note that l^uli never considered the formula 

[xFe(OH), . FeOCl . FeOj^L 

• Bergmann builds his scheme on the example of di-methyl butadiene^ but 
we ttudkcl the polymerisation of i, 3-butadiene. 

’ Lieb, Annaten 511, p. 64, 1934 - 
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for a ferric oxide sol as essentially correct. The trouble is that this and 
similar fomiuhis for other oxide sols have been repeated and copied so 
many times in both text-books and papers by Pauli and others, that most 
people think that Pauli bt'licvcs them to be essentially correct. Indeed, 
last year at the General Discussion on Colloidal Electrolytes before the 
Faraday Society, the neutral part and the charged ionic group of a ferric 
oxide sol are givxm by l^auli as Fe(OH), and FeOCl, respectively. Since 
Fe(OH)3 has not been prepared and FeOCl is formed only under sj'iecial 
conditions at high temperatures, we may be reasonably sure that neither 
is present in the sol as ordinarily prepared. It is not obvious what is 
gained by assuming the presence of an ionogenic complex such as I'eOCl 
on the surface of the sol particles when ferric chloride and hydrochloric acid, 
which are known to be pre.sent, will serve equallv well as stabilising elec- 
trolytes for the sol. Just because th<‘ p^l value of an oxide sol is b» it does 
not lollow, as Dr. Eirich believes, that hydrf>chloric acid cannot Ix:* th<‘ 
stabilising electrolyte in such a sol. As a matter of fact, the value ot 
the sol would Iw 7 if all the stabilising hydrogen ions were adsorbed on the 
surface of the particles. It is probable that th(‘ stabilising eU‘ctrolyte in 
Pauli and Schmidt's sol formed in the presence of dilute alumnuim chloride- 
is largely the latter salt rather than hydrochloric acid, i here is no ap- 
parent justification for assuming that the stabilising electrolyte ja a f>asic 
salt such as AlOCl whose exi.stence in the sol or elsewhere har> not Ix'cn 
established. Since the neutral part of the oxide sols foniied in tho pn^senc^ 
of chloride contain more or less of the latter element, the constitution is 
represented by some point in the three-corn jx>nent diagram 

This does not mean that the sol contains free hydrcwhloric acid 

In Pennycuick's platinum sols to which Dr. Eirich rrf€*rs, the contra ion 
is hydrogen ion, just as in feme oxide and alumina sols the contra ion is 
usually chloride ion. When neutral salts are added to platinum s^.^I.s an 
exchange adsorption takes place l)etween the cation of the added salt and 
the hydrogen ion. This causes the pn value of the sol to decrease rather 
than to increase. The acidic oxide on the surface of the partich's cause.'' 
hydrolytic cleavage of .some salts, the base combining with the acidic 
oxide. This process likewise tends to decrease rather than to increase the 
pu value of the sol. 


f'KKATA 


Page 53 - 
Page 252. 

Page 257. 
Page 290. 


The Inst two paragraphs should be transposed. 

In third complete paragraph : For "specific refractive molecular 
weight" read ‘ spe;cific refraction — mohjciilar weight." 

In second paragraph, line z. insert scmiajlon after " materials " 

In second and third complete paragraphs: For "kinetic" read 
" kinetics of the.'’ 


Page 305. Below Fig. 3 : Far " gm. per litre *' read " gm. per 100 c c. " 

Page 305. In 3rd and 4th lines from tjottom of first paragraph : For " (na — Ha i ’ 
read " {tty — " 


ABERDEEN .* THE UNIVERSITV rRSSS 



A METHOD OF ANALYSIS OF HEAVY WATER. 


Bv Adalbert Farkas. 


Communicated by Eric K. Rideal. 


Renewed Xlth November^ 1935- 


\Vhil>i several methods * are available for the analysis of heavy water, 
the miero-themio-coiuluctivity method * is so ronvenient for the analysis 
of hydrogen-deuterium mixtures that it seemed desirable to attempt 
an application of this technique to heavy and ordinary water without 
invidving the <lecomposition on a hot tungsten wire.* The method is 
based ui)on the following principles. 

1{ wati-r containing li'jo per cent. It Ik- brrmght into equilibrium 
with its own vajxmr and with hydroger., ihcNC will contain respectively 
^ D per cent, and per cent, deuterium.^ We denote by / the ratio 
oi the vapour pressures of MjO and ‘Uid A'3 the equilibrium constant 
of the rea<'tion 

HD HDO Hg, 

’I'tlCH 

I' _ It II I' II n 

" ir„ / *^111, UK) — *icx) — ITo’ 


if wc assunu' * iliat the eijuilibriiim constant? of tlie reactions 


Hj f n, V- 2 HD 


A', 


IHDj* 


H,U I I), 3 HIX) 


IHDOj* 

« " [H,OjlU,0} 


are A\ ^ AT, « ^ 4. 

If the liquid water be maintained at 20^ C\ and equilibrium in the 
gas phase be established on a hot platinum wire at looo"^ K. w'e obtain 
the following D-contents for the hydrogen in equilibrium with water of 
different l)-contents. 


According to Ltnvis and Macdonald */ === 1-15 at 293° K. A', has 


^ A, Farkas* Parahydrogen, Ortkohydrogen and Heavy Hydrogen, the Cam- 
bridge Univemty IVeW, 1035. 

* A. Farkas phystk. Ckem,, 1933. 344 - 

* A. Farkas and L. Farkas, Proc, Soc,, 1934) *44A, 467. 

* A, Farkas and L. Farkas, Trans. Faraday Soc., 1934. 3 ®* 1071. 

* (r N, l^ewis and H. T, Macdonald, /. Amer, Ckem. Soc., 1934. 55 * 3057 - 
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TABLE I. 


not yet been determined accurately at lOOO® K. ; extrapolation from the 
equilibrium measurements gives us the value ri. 

Thus wc can easily cal- 
culate from the D-content 
of the gas in equilibrium 
(under the given condi- 
tions) with the water to 
be analysed the unknown 
D-content of the latter. 


D-oontent of the 
Water (W^p), 
in Per Cent. 

D-content of the 
Vapour (rp), 
in Per Cent. 

D-content of the 
Gas (Gp), 
in Percent. 

0 

0-0 

0*0 

25 

22-5 

20*9 

50 

4<>-5 

44-1 

75 

72-4 

70*5 

100 

100*0 

lOO-O 


The experimental ar- 
rangement is shown in 
Fig. I. 

The cell is lo cms. long 
and 5 mm. in diameter. 

After having placed about 
o- 1-0-2 c.cm. of water in tube A, the ceil is exhausted and hydrogen (or 
deuterium) introduced at about lo mm. Hg and then the spiral is heated. 
By means of the capillary lock L from time to time small samples of ga.s 
are extracted and their D-content analysed by the micro- thermo-con- 
ductivity method. Table II. shows the results obtained with different 
samples of heavy water of known D-content (determined by density measure- 
ments). 

It will be noted that the final value is reached within a ft w minutes 
and is independent of whether we start with pure hy<!ro- 
gen (experiment 3) or with deuterium {experiment 4). 

The experimental figures for the equilibrium D-content 
are in satisfactory agreement with the calculated values 
(column 5), the average error being 1-5 per cent. The 
accuracy of the measurement might be affected by the 
following sources of error : the cell is n(it absolutely dry 
(from previous experiment), the water contains gases 
(including such as, e,g., HCl) or evaporable organic com- 
pounds which can be decomposed by the hot filament, 
there is too little water available for the analysis (?»ee 
below). On the other hand substances (whether present 
dissolved or undissolved) w'hich have no apprc-ciable 
vapour pressure, or the hydrogen dis,solved in the 
platinum wire, do not influence the accuracy of the 
analysis. 

The minimum quantity of water re<jui.ed for a de- 
termination is limited by the total amount of hydrogen 
admitted. The D-content of the water will not change 
appreciably if the equivalents of water and hydrogen 
present are in the ratio 500 : 1 (1 mg. water lieing 


equivalent approximately to 1 c.c. of H, N.T.F*.). In 
this particular cell 0-2 c.c. of H, N.T.P. (or D,) were 
introduced and at least 01 g. of water was ust‘d for each 
measurement. It is, however, a simple matter to reduce 
this quantity to o-oi g. by using 1-3 c.c. cell {e,g,, ^ mm. 
diameter and 5 cms. long). The accuracy of the analysts 
can be increased by empirical calibration. 

The present method of analysis is specially suitable 
for investigating the interchange of hydrogen and deu- 
terium atoms betwee nwater and other substances (pro- 
vided the latter have no appreciable vapour pressure) 


•Platinum 

spiral. 


•Mater. 

Fig. I. 

without the need of separkting the water for "etwji' determination. It 
possesses advantages if only small amounts of water are available {e.g.. 

* R. H. Crist and G. A. Dalin. J. Chem, Pkysits, 1934. a, 733, 



A. FARKAS 

TABLE II. 


415 


No. 

D'content of the 
Water (fen), in j 
Per Cent. 

Time in Mins. 

D-oontent of the 
Gas (Go), in 

Per Cent. 
Observed. 

D-content of the 
Gas (Gd). in Per 
Cent. Calculated. 

1 

29*5 

0 \ 

0-0 




^ \ 

21-5 




8 

25*2 




21 

25-1 

25*3 

2 

50-2 

0 

0*0 




2 

43*0 




(» 

45*5 




*5 

44*5 

44*4 

3 

76*4 

0 

0*0 




] 

62-0 




.V 5 

73*2 

1 



8 1 

! 72-8 

71*9 

4 

7(>-4 

1 1 

0 1 

950 




1 ! 

79-2 




5 ; 

72 7 




ti : 

j 

73*0 

71-9 

5 

977 • 

0 

0-0 



i 

i 

94*5 




9 ; 

95*5 

97*1 

1 

1 


in bi(K:hemical problems) or if a series of analyses have to be made when 
other methods would lake too much time. 

The following exjXTiment may be cited as an example for the application 
of the present method. 1*03^ g. XH4 NO, were dissolved at 20® C. in 
0*5 c.c. of 20*5 per cent, hea^ y water. The D*content of the solution was 
found to l>e 15 ’5 jH^r cent. 

Since 1*032 g. of NH, NO, are equivalent to 0-465 g, or 0-466 c.c. w*ater 
tlie l)-content of the ammonium nitrate was 


(20*5 - 15-5)0 *50 j 


0-40O 


5'0 per cent.. 

Consequently the quantity 


i r,, practically the same as that of the water, 

IS practically i. 

^l^(Ioo - U I,) ^ 

ThLs rt*siilt is in iigreemcnt with the earlier expieriments of Bonhoefier 
and Brown/ wlui obtained a value for the s^’stem NH4 C 1 /H ,0 of 1*25 
which they regarded as tiH> high. 


Summary. 

Description of a methcid for the analysis of heavy water based on an 
exchange reaction with hydmgen. 

The author is very much indebted to Professor K, K. Ridcal, F.R.S., 
for his interest in these experiments and to the Imperial Chemical 
Industries Ltd, for financial assistance. 

Laboratory of Colloid Science^ 

Cambridge. 

* This determination was made a few months a^. The actual D*conteiit 
was protMildy slightly less owing to manipulations with the water, 

1935. atjB* 171. 



THE CATALYTIC INTERACTION OF AMMONIA 
WITH DEUTERIUM. 

By Adalbert Farkas. 

Communicated by Eric K. Rideal 
Received \^th November^ 1935 - 

In a previous communication ^ an account was given of an exchange 
reaction between deuterium and ethylene. A number of similar re- 
actions involving organic substances have since been investigated.* 
The subject matter of this paper deals with an exchange reaction 
between ammonia and deuterium which may be written 

NH, + HD = NH,D + H, 

and which occurs at the surface of an iron catalyst.* Apart from it 
being representative of a new group of exchange reactions it is of interest 
in connection with the catalytic synthesis of ammonia. 

Experimental. 

In previous experiments < it was found that even apparently outgassed 
material contains a certain amount of hydrogen absorbed in such a form 
as to become apparent by an exchange reaction when brought into contact 
with deuterium. A catalyst possessing a negligible amount of such 
occluded gas can be prepared by forming a metallic mirror by evaporation 



Fig. I. 


of an iron wire. Such mirrors when deposited at room temperature arc 
readily prepared, reproducible in activity, reasonably active and stable. 

The experimental arrangement is shown in Fig. i. The reaction vessel 
(12 cms. long and 2 cms. in diameter) contained an axially mounted iron 
(electrolytic) wire 10 cms. long and 0-2 mm. in diameter arranged with 
leads in the usual way so as to jK*rmit of electric heating. The U-tube U 

1 A. Farkas, L. Farkas and E. K. Rideal, Proc, Roy. Soc.» I934» 630. 

* I. Horiuti and M. Polanyi, Trans, Faraday Soc,, 1934. 30, 663, 1164. 

» Cf, also H. S. Taylor and J. C. Jungers, /, Amer, Ckem. X 935 » 57 » 

^ A. Farkas and L. Farkas, Trans. Faraday Sac., X933, 31, 8ai. 
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was cooled to — 50® C. in order to keep tap grease and mercury from poison- 
ing the catalyst. With these precautions the catal3^t did not markedly 
decrease even after a week’s use at 200® C. 

Before deposition of the catalyst the reaction vessel was thoroughly 
outgassed in the furnace F at 350® C. (or using I^cx vessels at 500® C.) 
the wire was being maintained at 900® C. The furnace was then removed 
by means of the rollers R and the wire heated to 1 100®- 1 200® C. to evaporate 
the iron. This temperature was maintained (with continuous exhaustion) 
until a uniform mirror was formed. If the catalyst has once been poisoned 
(e,g., by admission of air to the reaction vessel) a new catalyst was pre- 
pared by evaporating fresh iron in the same vessel. The evaporation pro- 
cess could be repeated four or five times l>efore the wire broke. 

In order to obtain more information alx)ut the interaction of hydrogen 
and ammonia on this catalyst, the otiho-para-convetsion and interaction 
of hydrogen and of deuterium and the decomposition of ammonia were 
investigated in addition to the exchange reaction between ammonia and 
deuterium. 

To investigate the exchange reaction and the ortho-para-conversion, 
the micro-thcrmoconductivity method was employed, ammonia being 
frozen out in a trap cooled by liquid air.* 1 he decomposition of ammonia 
was determined by extracting samples of gas from the reaction vessel and 
measuring the pressure caused I • this sample after freezing out the 
ammonia. 

I'he following gases were used : ammonia (purifieti by fractional dis- 
tillation in vacuoi, dtmterium (80 to uk) per cent, D), oitho-deuterium • 
(i(K> JXT cent, D, prepared by adsorption oil charcoal at 20^ K. and sub- 
swjuent eva^xiration), jiarahyclrogen (prepareil in a similar way) and a 
mixture of hydrogen and deuterium (containing only H, and Dj molecules). 
All gast's were free from (>\ygen. the hytlrogens were initially purified by 
[lassage through palladium. The pressures of the gases admitted into the 
reaction v<>icHel were measured by the manometer M (sen; Fig. i). 

The exjx'rimeats to be descrilxd were carried out partly on the same 
catalyst. |Mrtly on dilferent catalysts. 


The Exchangte Reaction between Ammonia and Deuterium. 

Since in all expcTiineiits the rate of the exchange reaction was deter- 
by ineiisuring the decrease lu the D-content of the deuterium origin- 
ally added sj>ecial care 

had to be taken to avoid 1 .\BLH I. 

the following sources of 
error. The I)-content 
)f the deuterium may 
decrease by an exchange 
reaction with hydrogen 
occluded or al>sorbed by 
the catalyst or formed 
by a catalytic decom- 
{K>sition of ammonia 
taking place on the 
surface of the catalyst. 

Scimrate experiments 
excluded the former 

possibility since — as has already been mentioned — no interchange could 
be observed with gases occluded by these catalysts. Thus there was only 


rriuprratunp 

'C. 

IVeviau* Irfutroesnl 
ot the 

XTlnutrs. 

Pw Cent. D. 

-•.u. 

30 j>er cent. D 

0 

.5 

12 

96 

96 

95 

230 

90 per cent. 1) 

0 

0 



0 

1 



13 

a 


* (a) A* Farkas, Z. pkysik, Ch^m., 1933. aaB» 344 ; (6) A, and L. Farkas« 
Proc. Hoy, Soc., 1934. *44A* 4 ^ 7 * 

• A. Farkaa, L. I'arkas and P. Harteck, Proc, Hoy, Soc,. 1934. *44A# 481 
A, and L. Farkas, ibid,, 1935* I'M* 
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Minutes. 

O 

Q 

15 


D>oontent in Per Cent, 
gf) 

34 

23 


a negligible decrease in the D-content of deuterium brought into contact 
with a catalyst previously exposed to hydrogen and practically no forma* 
tion of deuterium after the catalyst has been in contact with deuterium 
(see Table I.). 

By experiments on the rate of decomposition of ammonia it was found 
that in no case could the amount of uncondensible products fonned ac- 
count for more than a small frac- 

T'Amir TT decrease in the D*content 

1 A 15 L.J 1 , ii. actually observ^ed. On the same 

234’" C., 10 mm. NHj + 15 mm. D, catalyst, for example, as referred to in 
^ ^ Table II. at 233® C. and 15 mm. Hgof 

Minutes. D-contenUn Per Cent. amount of Uncondcn.sible gaS 

Q formed was 3 mm. in thirty minutes, 

15 23 » very little in comparison with the 

rate of the decrease in the D-content 
(see Table II). 

Fig. 2 shows that the decrease in the D-content is actually due to an 
exchange. Curve a indicates the change in the D-content r»f 30 mm. 
deuterium when mixed with 26 mm. NH, at 233 "" C. After thirty minutes 

reaction the am- 

monia was frozen ^ S. 
out (in trap U, Fig. V* x. 
i) the deuterium 
pumped out and 22 
mm. of hydrogen 
added. The flat BO' 
portion of the curve 
h shows once more 
that no exchange 
reaction occurs in 

the absence of am- . 

monia but sets im- Qfnjnoiva [ 0 ] 

mediately when the anpor^id — --- 

ammonia is evapor- nunads, 

ated (in the twelfth 5 f 5 ^ /jF 5o 25 

minute). In this 2. 

case the D-content 

of the hydrogen added naturally increases at the e.xjKuise of the “ heavy " 
ammonia formed in the previous experiment. 

The equilibrium constant of the reaction ’ 

NH, HD NH, 1 ) ^ H, 

^ ^ could not be accurately determined by measuring the 

final D-content of a mixture of ammonia and deuterium for the following 

reason . The value of 
TA 13 LE III the equilibrium con- 

Equal Pkessukks or D, (loo ,x.r cent, D) and XH. . An'S 

Fioal D-cootent in Per Cent. K. 2A*^3«e(H/D) iO/H) D-COntent obscrvcd 

and an inaccuracy of 

a few j^r cent, in the 
1*5 10 determination of the 

35 21 15 Unj^j D-content may 

3*0 2 0 cause a considerable 

error in the de- 

termination of the 

eqmlibnum constant (see Table III.). 

» A. Farkas, /.C.S. (in the press)* 


ammonia 

euapor^id 

Fig. i. 


minutfs, 

, l4 Ml 

25 

“ heavy " 


Final D-cootent in Per Cent. 

K. 

3 A-'j-(H/D),.(D/H),. 

40 

1*5 

I'O 

35 

2-1 

j ‘5 

30 

3*0 

2-0 
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In the third column (H/D)* and (H/D)« represent the ratio of the H- 
and D-content in the hydrogen and ammonia respectively.’ The in- 
accuracy in the determination of the final D-content is due to the slight 
decomposition of ammonia (especially the formation of nitrogen) . Another 
source of error is the strong adsorption of ammonia on the glass walls 
especially on those cooled to low temperatures (U tube), and thus the 
amount of ammonia taking 

part in the interchange is WOj | 

actually more than that cal- 
culated from the pressure 
readings. Both sources of 
error tend to produce a final 
D-content which is too low or 
an equilibrium constant which 
is too high. After allowing 
for this inaccuracy it was 
found that the equilibnum is 
definitely larger than the 
classical value of 3/2 being 
at 2 2o“-230^ C. alx)ut 2 to 3.* 

This provisional result which 
is in agreement withtheoretical 
calculations requires confirma- 
tion by m<»re accurate ex- 
[>erinu*nts.* 

In order to excliuk* any uncertainty in the value of K the dependence 
of the rate of the exchange on pressure was investigated in mixtures with 
excess of ammonia in which the equilibrium D-content is very low. 

The prtigress of the interchange at 200^-210° C. at different deuterium 
pressures and constant ammonia pressures and at different ammonia 
pressure and constant deuterium pressures is shown in Figs. 3 and 4. It 
will Ih* sec*n that whereas the relative rate of the interchange remains 



[a]5faNn Dz f 

^ lb]i9»a Di f iZtrm NHs,ZW*C, 
fcjnmm Oi f Z 5 Smm NHi, ZI4*C, 
minutes. 


IS 25 30 

Fig. 3. 





u naltered 
by chang- 
ing the am- 
monia pres- 
sure, it de- 
creases with 
increasing 
deuterium 
pressure. 

In an- 
other series 
of runs the 
dependence 
of the rate 
of inter- 
change wiais 
investigated 
at a varying 


total pres- 
sure but at approximately the same ratio NH, : Dg, see Table IV. 

The measure f<ir the relative rate of the exchange is the time (r, in 
minutes) in which the original D-content has decreased by 25 per cent, 
and is given in column 5, whereas the measure for the absolute velocity 
^iug proportional to the deuterium pressure and i/t is listed as PdJt in 


♦ Such 4t value follows indirectly from exchange experiments between heavy 
^ater and ammonium salts. (Bonhoefier and Brown, Z. pkysik. Ckem., 1935, 

171, and A. I'arkas. Tram, Faraday Sac,, in the press.) 

• Cf, alto K. Wirtr, Katurwiss,, 1933, 213, 271. 
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TABLE IV. 


Tem^rature 

Pressure of 
Deuterium 
in mm. Hg 

Pressure of 
Ammonia 
in mm. Hg 


25 Per Cent 
Decrease in the 
D-content Reached 
in (T). 


203 

17 

64 

3-8 

11 mins. 

1*55 

201 

39 

119 

30 

17 .. 

2-29 

203 

54 

246 

4-5 


3*45 

208 

82 

326 

40 

! 2C) ,, 

3-83 


column 6. Similar data for the experiments shown in Figs. 3 and 4 are 
given in Table V. 

TABLE V. 


Temperature ®C. 

Pressure of 
Deuterium in 
mm. Hg (Pd,)* 

Pressure of 
Ammonia m 
ram. Hg (PxH,). 

1 2 s Percent 

1 IVc erases Re.icbet! 

j in (r). 

1 

j 

1 

200 

iS 

<)0 

20 rnin. 

' 0 

202 

18 

345 

Di ,, 

<» 95 

205 

19 

340 

17 

i-i i 

214 

13 

336 

17 .. 

079 

210 

29 

228 

33 .. 

1 1 -io 

212 

51 

343 

1 

3 i 

! J (.4 


From Tables IV. and V'. we note that the absolute rate of the exchange 
reaction, i.e., the number of atoms exchanged is practically indejxmdent 
of the ammonia pressure but increases approximately with the sr|uaro nwit 
of the deuterium pressure. 

The dependence of the rate of interchange on temjxTature is shown in 

Fig. 5 for 
the tern* 
perature 
region 
^34'’ C. and 
at 15- 
mm. of D, 
and NH,. 
(The curves 
for iii'^and 
234® refer to 
the catalyst 
in a slightly 
less active 
form.) 

The ap- 
parent cn- 

I^m. 5. Qf ac« 

tivation (E) 

was calculated from the dependence of the rate of exchange on temperature 
with the equation 



dlog ijr ^ 

df 


r denoting the time {in minutes) in which the original D-content has de- 
creased by 25 per cent, (sec Table VJ.). 
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TABLE VI. 



Pressure of 

Pressure of 


Energy of 

Temperature* •C. 

Deuterium in 

Ammonia m j 

r in Minutes. 

Activation in 

mm. Hg (Pd,)* 

mm. Hg(PKH,l. 


Kg Cals. 

170 

15 

15 

20 \ 

M '4 

19O 

*5 

*5 i 

i 81 

1^14 

184 

201 

*5 

*5 

M 

! *4 ! 

«5 

j ^ 

; 20 

1 5-5/ 

1 8*9 

14*2 

21 I 

i 

i '7 

! 1 

i 3 t 

234 

tf} ; 

15 

3*5 f 

i 

] 

t 

Mean 

: 150 

s 


The Or/Ao-para-conversion. 


In a series f>f previous publications • it was shown that the catal>^ic 
r/r/Ao-para-hydropjen conversion on metals involves an atomic mechanism. 

It was iin(M»rtant to obtain some infonnation al:K)iit the catalytically 
active adsor|)tion layer bj* this method since the ' sorptive " capacity 
of this catalyst was hardly m<‘asurable. (There is no necessary connection 
l>etween adsor|.)tive cai>acity and catalytic activity. High adsorptive 
ca|>acity is not always indicative of a high catalytic activity.) 

On a fresh catalyst the or//n*-/>«rrt-hydrogen conversion occurred at 
nK)ra temperatures and a few mm. Hg pressure at a high velocity equili* 
bnum Uung e^stabhshed within a few rninutcN I nder similar condition 


there was. howc\'er, no 
(‘xchange refiction t<» U* 
<letecte<I even after s<*\ eral 
hours. 

Although it has already 
lHM*n shown that the re- 
actums 

H, I>* , 2 VU) 

prfK'tHMl on a catalyst 
by the same mechanism 
namely by dissociation 
into atoms, it «c?emc<l tie- 
sirable to show' this in- 
cluding also the reaction 
e-1), for the cata- 

lyst actuaiiy employe<i. 
Fig. 6 shows the estab- 



lishment of tlie equilibruini in tliese reactions at 10 mm. Hg pressure and 
" C the logarithm of the distance from equilibrium («), (taken as 
Tot> at the l^giniung and o at the end), being plotted against the time, 
it will be noticed tliat though the individual reaction rates are different. 


^Bonhoelfer and Farkas, Z. physik. Chem., 1931. laB, 231; A. Farkas, 
ibid., 1931, 14B, 371 ; Bonhoeffer, Farkas and Kunimei. fW.. t933. 3 iB« 225 ; 
iionhoefter and Farkas. Trans. Faraday Soc., 1032, j 8, 242 ; A, Farkas, Oriko- 
bydrQgsn, Parakydrogtn and Heaty Hydrogen, The Cambridge University Press, 
* 935 * 

E. Fajatis, Z. phvsift. Chem., 1935, J8B* 239* 

15 • 
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Reaction. 

Tem^mtore 

Half-Life 
Time in 

Energy of 
Activation in 


Minutes. 

Kg Cals. 

0-H. * at 

18 mni. Hg, 

85 i 

8-5 1 


100 

5 L 

8-1 


1.30 

3 ( 


100 

>'5J 


o-D, />-D, at 

20 

20 \ 

8-4 

I ’ mm. Hg. 

40 

8 / 

H, + D, 2HD 
at II mm. Hg. 

0 0 

;; } 

90 


' Catalyst difierent. 


the relative rates being 5:2:1 for o-D, and H, + D, respectively, 

these three redactions proceed with a very similar speed. 

The temperature coefficient for these reactions are likewise very similar, 
indicating that in these processes practically the same energy of activation 

is involved (see 

TABLE VII. Table VII.). 

As expected 
slightly higher 
values are ob- 
tained for the 
reactions in- 
volving deu- 
terium. 

We note 
that this ap- 
parent energy 
of activation is 
considerabl y 
lower than that 
found for the 
exchange re- 
action between 
deuterium and 
ammonia. This 

difference in the energies of activation is responsible for the fact that the 
conversion reaction takes place readily at temperatures which are 200® C, 
below those necessary for the exchange reaction. 

It was found that the presence of ammonia inhibited the conversion of 
^ara-hydrogen, the inhibiting effect being dependent on the pressure of 
ammonia. Fig. 7 shows this effect at 82® and 122° C. and 15 mm. Hg of 
/>iirfl-hydrogen. the 
velocity of the con- tC 
version in the absence 
of ammonia being 
taken as unity. The 
inhibiting effect at 
these temperatures is 
reversible i.e,, the 
original activity is 
restored as soon as 
the ammonia is re- 
moved. 

In spite of this in- 
hibition the conversion 
reaction is even in the 
presence of NH, much 
faster than the ex- 
change as clearly 
shown by the follow- 
ing experiment. In the thermo-conductivity cell employed for the analysis 
of hydrogen and deuterium mixtures hydrogen, normal deuterium and 
or/Ao-deuterium had the following resistance values (t.e,, the resistance 
of the wire in the thermo-conductivity cell when heated in the gas). 



Fig. 7. 


normal hydrogen (if-H,) 
normal deuterium (n-D,) 
off/k7-deuterium 


ft. 

9t‘7o ohms. 
103-91 .. 

106-39 „ 


reUtiva to fi-Ot 


— 12-19 ohms, 
0*00 .. 

-f 2-4« 




A. FARKAS 


423 


Thus it was easy to show how much more quickly the conversion of 
orMo-deuterium proceeded than the interchange reaction in a mixture 
of o-D, 4 * NH,. 

Fig. 8 shows the progress of these reactions in a mixture of 12 mm. 
o-Dt + 15 mm. NHj over the temperature range 20® to 155® C., the differ- 
ences in the resistance values (relative to «-D,, AQ) being plotted as a 
function of time. At 155® C. there is slight exchange reaction to be 
observed proceeding a hundred times more slowly than the conversion ; 
at 82® C., however, there is practically no exchange reaction. 

Whereas the inhibition of the />-H, conversion is reversible at 80® C. 
and upwards, at room temperatures the poisoning effect of ammonia 
persists even after removal of that gas. When ammonia is admitted to 
a fresh catalyst there is an immediate formation of some uncondensible 



gas. Although it was not |x>ssible tt) analyse this gas owing to its small 
amount c cm. X. IMV) it was shown that it was formed from the 

ammonia and not displaceil by it from the catalpt in the following way. 
A newly formetl catalyst was bmught into contact with deuterium, its 
acti\'ity being measured by the catalytic conversion of o-D,. The gas 
formed by admitting NH, was mixed with sufficient (too per cent.) D, 
in order to obtain 410-* c.cm. (N.T.P.) of gas which was the minimum 
amount necessar>' for one measurement in the thermo-conductivity celL^ 
The D-content of this sample was found to be q6 per cent, showing that the 
gas formed was not deuterium displaced by the ammonia from the catalyst. 
In the thcrmo-conductivity cell the resistance values for H, and X, are 
approximately equal and therefore it was not possible to decide whether 
the defect of 4 per cent. D was due to the presence of H, alone or to a 
mixture of H* f N,* The poisoning effect is shown in Table VIII. 



424 INTERACTION OF AMMONIA WITH DEUTERIUM 


TABLE Vni. 


Treatment. 

Pretfture in mm. Hg. 

Half-Life of the 
Converaion in 
Minutes. 

Fresh catalyst ..... 

O*O0 

2 

3 mm. NH, added and removed 

o-o6 

II 

Fresh catalyst ..... 

2 

3*5 

NH, added'and removed 

2 

13 

Pumped for 45 minutes .... 

2 

22 

NH, added and removed 

' 2 

M 


Discussion. 

We assume that this reaction is taking place between molecules 
adsorbed on the surface of the catalyst. As far as the ammonia is con- 
cerned this assumption is justified by the strong adsorption which causes 
the inhibiting effect of the par ortho ’Convcts\ox\ and the independence 
of the rate of the exchange reaction on the ammonia pressure. On 
the other hand from previous experiments wc know that the ortho* 
/>ara-interconversion likewise takes place in the adsorption layer, and 
from the following it will be seen that there is a connection between the 
conversion and the exchange reactions. 

We can examine the following tw'o reaction mechanisms* making the 
further assumption that no transport processes between the gaseous 
phase and adsorption layer affect the actual reaction rate. 

Mechanism I. (a) Dj = D D 

(b) D + NH3 = (NH3D) - NH.D + H 

(c) H + D = HD. 

Mechanism II. [a) Dj = D + D 

(b) NH3 - NHj + H 

(c) NH, + D = NH*D 

{d} H + D = HD. 

Mechanism I. is the heterogeneous analogue to the mechanism 
involved in the thermal interaction between NH3 and Dj occurring at 
600® C. and upwards in the gaseous phase. ^ 

In both mechanisms the activation of the deuterium is common. 
If the activation of the deuterium consists in dissociation (or at least 
in loosening the bond between the deuterium atoms) the orlho-para* 
conversion gives us a measure of this step since every dissociation 
and recombination process is necessarily connected Nvith conversion. 
Actually it is found that the conversion reaction proceeds very much 
more quickly than the exchange reaction indicating clearly that II. 
{d) and (d) and I. (a) and [c) are not the rate determining steps. The 
dependence of the reaction rate on pressure suggests that neither is 
II. {b) rate determining since this reaction could not be accelerated by 
increasing D, pressure. 

Thus we come to the conclusion that either the exchange reaction 

D + NH3 = NH,D + H 
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or the recombination reaction II. (r) 

D + NH,= NHtD 

is the rate determining step depending whether mechanism L or II. 
is valid. This is an interesting result since it shows that we have the 
same dependence of the rate of exchange on the pressure of NH, and 
D, (provided the ammonia is strongly adsorbed) whether ammonia is 
completely dissociated or not and that the kinetics of this reaction is 
compatible with both mechanisms. 

Thus our problem reduces to enquiring how the ammonia is adsorbed. 

Even at room temperatures a slight evolution of gas is observed when 
ammonia is brought into contact w^ith a fresh iron surface. This cannot 
be due to a slow decomposition of ammonia into and H* since the 
formation of gas is only observ’ed with a fresh catalyst and stops sud- 
denly. It is more probably due to a reaction NH3 = NHj + H in which 
the radical NH^ remains on the catalyst whereas the hydrogen is given 
up into the gas phase. This behaviour was actually observed by 
Frankenburger and Hodler,^^ who were able to show that on admitting 
ammonia t(» tungsten powder at 90® C. only hydrogen is evolved. It 
is also well known that at 500® C. nitride formation occurs w^hich is not 
restricted to the surface of the iron but proceeds into the bulk phase. 
The formation of nitride and its reduction by hydrogen were demon- 
strated experimentally by Diinwald and Wagner.^* Finally the 
experiments of Winter on the catalytic decomposition of ammonia 
on iron show definitely that the rate determining step is the decomposi- 
tion of the nitride indicating that loosening of N — H bonds takes place 
before the nitride is decomposed. 

The experimental evidence justifies the assumption that on the 
surface of the catalyst at 20()T. a large fraction of the ammonia is dis- 
sociated • and makes it probable that for the exchange reaction mech- 
anism II. is responsible. 

Thus we can form the following picture of the interaction of ammonia 
with deuterium (or hydrogen) on the catalyst. 

In the absence of ammonia, hydrogen or deuterium are very easily 
dissociated on tJie catalyst as shown by the low activation energy for 
the conversion (8*9 kg. cals.). The conversion involves not only the 
dissociation process but also a migration of the hydrogen atoms since it 
is found that + I), — 2HD reaction proceeds with a similar speed 
w’hcn compared with the conversion. f 

If ammonia is added the greater part of the surface is covered cutting 
dowm the area accessible to hydrogen. At 20® C. a part of the ammonia 
covering the surface is decomposed into amide and hydrogen and the 

(a) Frankenburger and Hodler, Trann, Fwaday Soc,^ 1932, 229 ; (6) 

Frankenburger, Z. Elekirochemie, 1Q33, J9, 45, 97, 269. 

*• Diinwald and Wagner, Z. physik. Ck€m„ 1934. * 4 ®* 53 » Engelhardt 
and Wagner, ibid., 1932. f8B, 369. 

^•Winter, Z. physik. Chem., 1931, 13B, 401. 

• Whether the dissociation of ammonia proceeds according to NH, -v NH -f H,, 
NH, NH 4 - H, NH N f H, and to what an extent these processes occur 
we cannot infer. 

t It will be noticed, however, that the rate for the reaction H, 4 - Dg does 
not lie between that for the orfAo-j^ara-conversion of hydrogen and deuterium but 
is slower than either reactions. This effect (if not due to some impurity) might 
suggest that the migration involxTS a slightly larger energy of activation than 
the dissociation but in any case this difference is negligible being less that x k* cal. 
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hydrogen leaves the surface. The irreversibility of the inhibiting 
effect of ammonia is due cither to a strong adsorption or to this surface 
amide formation, the hydrogen not being able to reduce the surface 
amide at these low temperatures. At higher temperatures (lOO® C.) 
the surface amide becomes reducible and the inhibition by ammonia 
becomes reversible. This reduction occurring according to 

H + NHj == NH3 

is the same reaction as the rate determining step in our mechanism II. 
of the exchange reaction. The actual exchange reaction however 
only becomes observable if the reduction proceeds with a very great 
speed as shown by the follovring example. Let us assume I cm.* of 
active surface in contact with 10** molecules of a mixture of Dj and 
NH3 (10^ molecules aic contained in 50 c.c. at 50 mm. Hg pressure). 
If the reduction of the molecules covering the surface of the catalyst 
takes place in one second the exchange reaction would require 10* seconds. 
Thus the poisoning effect over this temperature ninge is due to the 
formation of the surface amide which also explains the fact why the 
crt}w-para<on\crs\on is not inhibited at higher pressures of ammonia. 
Through the dissociation process one part of the surface {namely that 
occupied originally by the third H-atom of the NHj) remains always 
accessible to the hydrogen. A similar explanation might be advanced 
to explain the fact that no displacement of deuterium by ammonia is 
observed. (Cf, Tables IV. and V.) 

Increasing the temperature (i<X)® C. and upwards) the reduction 
of the amide occurs sufficiently rapidly and the exchange reaction 
appears. The activation energy^ for this exchange reaction is found to 
be 15 kg. cals. This is not the activation energy for the migration of 
hydrogen or deuterium which is much smaller namely 8 kg. cats. ; it 
is more likely to be associated with the reaction 

D + NH* NH3D 

itself, \vhcreas the back reaction, the dissociation, must have a smaller 
energy of activation not being the rate determining step. It is there- 
fore most probable that the greatest part of this energy of activation 
is due to the exothcrmicity of the reaction NH3 — ► NH| + H. 

The apparent energy of activation as calcuiatcd from the dependence 
of the reaction rate on temperature includes the heats of a^orption 
for the reactants. Owing to the strong adsorption of the ammonia 
w'e might assume that the adsorption layer is .saturated with NH3 over 
the whole temperature range and that therefore the heat of adsorption 
for NH3 does not affect the true energy of activation. Wc do not know* 
the exact heat of adsorption of D3 but it will not be more than a few 
kg. cals, and therefore the true energy of activation will be somewhat 
larger than the apparent one. The concentration of deuterium will 
be rather low m the adsorption layer and this explains why the rate 
of exchange is approximately proportional to the square root of the 
deuterium pressure (Tables IV. and V.). 

At still higher temperatures (over 300^ C.) two new processes come 
into play, the decomposition of the surface nitride into molecularnitrogen 
and the migration of the nitride-N into catalyst the first reaction being 
responsible for the decomposition of ammonia, the second for the 
formation of iron nitride in bulk. 
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Summary. 

The exchange of hydrogen atoms between D, and NH, has been in- 
vestigated on an iron catalyst at pressures of 30 to 400 mm. Hg and tem- 
peratures of 160® to 230® C. 

The rate of the exchange reaction b independent of the ammonia 
pressure and increases with increasing D, pressure. 

The apparent heat of activation b 15 kg cals. 

The oH/io-/>ara-conversion of hydrogen and deuterium and the inter- 
action Ht -f 2HD proceed much more quickly than the exchange 

reaction the activation for the conversion reactions being 8-9 kg cab. 
The or/Ao-/>ar<i-convcrsion of hydrogen b inhibited by the presence of NH,. 

It is suggested that the exchange reaction proce^ by the mechanism 
(all reactions occurring in the adsorption layer) 

(b) NH, - NH, -f H 
ia) D, 2D 
(rf) D -f H 2HD 
(f) D * 1 - NH, NH,!) 

the step (c) being the slowest reaction and thus determining the rate. 
The reactions {a) and (rf) are those involved in the conversion reactions. 
It is shown that this mechanism is in agreement with the experimental 
results. 

laboratory of Colloid Science, 

Cambridge, 


THE MECHANISM OF ELECTROLYTIC PRO- 
CESSES. PART L THE ANODIC OXIDATION 
OF SOME METALS OF THE PLATINUM 
GROUP. 


By J. a. V. FUti.er and (i, Hrevkr. 

Received iith October, 1935. 

In previous papers * the anodic polarisation of platinum electrodes 
has been studied in some detail and the observations made were inter- 
preted as showing that, prior to the establisliment of the oxygen over- 
voltage, an adsorbed layer of oxygen is formed on the surface of the 
electrode. No evidence was obtained of the formation of a definite 
platinum oxide similar to that which can easily be demonstrated at 
gold electrodes, which has been postulated by some investigators.* 
We have now examined the behaviour of the metals palladium, iridium 
and rhodium, and find that a similar phenomenon occurs in the initial 
stages of their anodic polarisation. Under certain circumstances the 

^Butler and Armstitmg, Proc, Rov, Soc., 1932. 137A, 604; Armstrong, 
Himswmth and Bntler. 1933* t 43 A, 89. 

• C/. Bowden, ibid,, 1929* iaigA, 44^ ; Hoar, ibid,, 1933, *42A, 628. 
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formation of a distinguishable oxide " can be demonstrated at palladium 
and rhodium electrodes^ but in the case of iridium^ like platinum, no 
such formation has been observed. 


Experimental. 


The experimental cell (Fig. i) consisted of two cylindrical vessels con- 
nected through a tap D. This was normally kept closed and prevented 
products at the cathode C reaching the anode B. Connection with the 

standard electrode (E) 
II was made with a fine 



Fig. I, — Elcctrolj’tic vessel. 


tube, the end of which 
was almost in contact 
with the anode, so as 
to avoid the inclusion 
of the fall of potential 
in the electrolyte in 
the measured potential. 
The tubes F and G 
scr\ed to intnxJuce 
oxygen-free nitrogen by 
means of which air 
was removed from the 
vessel. 

The potential dif- 
ference l>e tween the 
standard electrode and 
the anode was observed 
by means of a pr>tentio- 
meter in conjunction 
with a Lindeinann elec- 
trometer, which enables 
rapid readings of vari- 
able potentials to l)e 
made. The electr<Kle 
}x>tentials have been re- 
duced to the standard 


hydrogen scale. The 

electrodes were made of fijil supplied by Messrs. Johnson, Mathey & Co., 
and had a total apparent area of i cm.*. Unless otherwise stated the 
experiments were carried out in an atmosphere of purified nitrogen. 


The Adsorbed Oxygen Layer of Palladium , Rhodium and 

Iridium. 

It has been found that if a platinum electrode is anodtcally polarised 
from a sufficiently negative value a comparatively slow' linear change of 
potential occurs before the oxygen overvoltage is reached. The quantity 
of electricity passed in this process is of the same order as that required 
for the deposition of a single layer of oxygen atoms on the surface of the 
electrode, and it has been suggested that such an adsorbed layer is formed. 
This adsorbed layer is removed by cathodic polarisation to near the re- 
versible hydrogen potential and the process can be repeated. But, if the 
anodic polarisation is begun at a more positive potential, such that the 
adsorbed layer previously formed has not been destroyed, the potential 
falls much more rapidly and the quantity of electricity then required (per 
volt) to change the potential is taken as a measure of the double layer 
capacity of the electrode in the absence of a depolarisation process. 

S im ila r phenomena were observed with lUl three metals, and some 
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TABLE I. 


Metftl. 

Aprarent 

Ansfl 

(cm.*). 

B Coulomb! per 
0*1 Voli. 

Effective 

Area 

(cm.*). 

Coulombs Re> 
quired lor I'O 
Atom per Metal 
Atom. 

Coulombs pasted 
in Linear ran of 
Anodic Curve. 

Greatest Amount 
of Peroxide 
Formed 
Coulombs. 

Pt 

i»o 

1*0 X 10-'^ 

yo 

16 X 

9 X 10^* 


Pd 

i-o 

1*8 

5*4 

29 

30 X 10-* 

85 X io-« 

Rh 

1*0 

1*2 

3 '^> 

19 

9 X lO"* 

21 X IO~* 

It 

1*0 

2*0 

1 

()0 

32 

22 X lO* 



typical anodic curves taken after cathodic polarisation to near the reversible 
hydrogen potential, in dilute sulphuric acid, are shown in Fig. 2. Table I. 



I'lc;. 2 . — Anodic polarisation of (A) palladium, (B) Rhodium, (C) Iridium elec- 
tnxlcs in'dilutr sulphuric acid (numbeni represent currents in microamperes). 
A* is a " capacity '* curve of palladium. 


gives the quantities of current passed in the linear portions of these curves 
and the double layer <aj>acities, H, which establish the real relative areas 
It can be seen 
that the linear 
jiortion of the 
curve is in ^ 
each case of 
the same order 
as that which 
is required for 
the deposition 
of a single 
layer of oxy- 
gen. In the 
case of piati- 
n um and 
rbtxlium it is 
appreciably 
smaller nu- 
merical! y. 
which may be 
due either to 
the dilhcttlty 
of makiitg an 

exact aitimate of B, or to the intervention of the liberation of oxygen while 
the •• achKirbed layer is still incomplete. 



j Anodic pohrnohon /sics ] 

m M 

Fig. 3. — Effect of interval between the remo\*al of the adsorbed 
oxygen and the anodic polarisation, with palladium elec- 
trode in pesence of oxygen. Curve i. anodic immediately 
after cathodic ; curve 2. interval of two minutes ; — x — 
interval of one hour ; — © — interval of sixteen hours. 
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In order to see whether the adsorbed oxygen layer is formed at the 
surface of the metal on standing in contact with oxygen some experiments 
were carried out in which different intervals of time were allowed between 
the cathodic polarisation and the sub^uent anodic^ in solutions containing 
oxygen. Some curves obtained with palladium are shown in Fig. 3. 
After an interval the potential falls to a more positive value before the 
linear change, which has the same slope as before, occurs. The first part 
of the adsorption curve is thus missing, so that some adsorption of oxygen 
has taken place during the interval. This, however, does not proceed to 
the extent of the formation of a complete adsorbed layer even after a long 
interval. 


The Formation of Oxides** on the Electrodes. 

After anodic polarisation the electrodes were cathodically polarised 
with a small current and the change of potential with the time was observed 
to see if any characteristic break occurs, such as has been observed with 
gold, representing the reduction of an oxide. With small anodic currents 



Fig. 4 — -Cathodic curves of a palladium electrcde after anodic polarisation 
in dilute sulphuric acid (Table II.). Inset, effect of interval on the length of 
the cathodic break (full line, unstirred ; dashed line, stirred during interval). 


the behaviour of all three metals was very similar to platinum, since only 
one depolarisation stage was observed in the cathodic curve which was 
clearly due to the reduction of the free oxygen liberated in the anodic pro* 
cess. It was observed that the decay at oj>en circuit of the oxygen over* 
voltage was abnormally slow • with palladium electrodes, and this suggested 
the possible formation of traces of an oxide. It was then found that if the 
palladium electrodes were anodically polarised with much larger currents 
(of the order of i milli-ampere), a new depolarisation process occurred in 
the cathodic curve. Some examples of the cathodic curves obtained in 
dilute sulphuric acid are shown in Fig. 4. This process, which is clearly 
distinguished from the reduction of oxygen, since the latter occurs at a 
more negative jwtential, is interpreted as being due to the reduction of a 
superficial oxide.’* The amount of oxide formed, as measured by the 
quantity of current required to take the potential to En ^ -f 0*72 volts, 
increases with the amount of anodic polarisation, but even af^ con- 
siderable anodic treatment it remains very small and in this case is cer- 


• C/. Armstrong and Butler, Trans. Faraday Soc,, 1933, 
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taialy leas than a single molecular layer. A tepresentative series of ex- 
periments is given in Table II. 


TABLE II. — Formation of ‘‘Oxide'* at Palladium Electrodes in Dilute 

Sulphuric Acid. 

Anodic Current, 700 x lo-* amps. ; Cathodic Current, 5 x lo-^ amps. 


Expert* 
ment. j 

! Anodic Coulombt. 

l 

Cathodic Coulombi 
to -i 0‘7J. 

Experi- I 

ment. | 

Anodic Coulombi. 

Cathodic Coulombs 
to 0*73. 

1 

42 X 10 -* 

7-0 X 10 * 



8*3 X iO“^ 

'-2 


7*5 



8-H 


125 

80 



io»o 

4 

167 

8*2 





If an interval is allowed between the anodic and the subsequent cathodic 
treatment, the length of the cathodic break is decreased and after about 
twenty minutes it has practically disappeared (Fig. 4, inset). Stirring 
the solution during the interv'al somew^hat increases the rate of di.sappear- 
auce. The most probable interpretation of this behaviour is that the 
“ oxkle " has the properties of a peroxide, which decomposes spontaneously 
after the stoppage of the current. On this view' its haJf-life period under 
these conditions is rather less than ten minutes. 

The ’* peroxide ** is, however, much more stable in dilute alkali, the 
decrease in the length of the reduction process being only about 8 per cent, 
in an interval of five minutes. Comparative experiments are thus more 
easily made in this solution. In experiments designed to ascertain the 
efficiency of the peroxide formation it was found that the amount formed 
was dependent on the previous histoiy* of the electrode. The oxidation 
occurs more readily at an electrode which has previously been oxidised 
and reduced than at an untreated electrode. This is illustrated by Table 
HI., which show's a series of consecutive experiments in which the electrode 
wa.s treated anodically first for increasing and then for decreasing times. 
Between each experiment the adsorbed layer was completely removed by 
cathodic polarisation. 

TABLE in. —Consecutive Experiments w'ith \ F.\lladium Electrode is 

X,3 NaOH. 

Anodic Current. 540 » 10-^ amps. 


Espitn^ 

ment. 

Anodic Coulombs. 

Cathodic Coulombi 
to 4 0*08. 

Expert* 

meat. 

.\nodic Coulombs. 

Cathodic CouloRibs 
to -f 0 08, 


11 X 10 • 

3-3 X 10 

9 

[ 2,600 X IO-* 

10*5 X Io~* 

2 

22 

5*0 

10 

i 4*900 

16 7 

3 


5*9 

11 

ll.OOO 

33*7 

4 


6-2 

12 

20,500 

43*5 

5 


67 

13 

320 

iS-b 

0 

m 

7*0 

M 

i(>o 

17*2 

7 

350 

7*6 

15 

1 

13* 

8 

1300 

87 


1 - 



It can be seen that after long anodic polarisatkms a comparativdy 
smalt amount of anodic treatment causes a much greater amount of oxida- 
tion than in the original state of the electrode. Since the adsorbed layer 
has been removed t^tween successive experiments, the effect must be due 
to some change in the nature of the unwrlying metal which is jmoduced 
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by the oxidation, but persists after the reduction of the oxide. The e 0 ect, 
however, disappears when the electrode is left untreated for a few days, 
for the electrode reverts to its original condition. 

With larger currents of the order of i milliampere an appreciably 
greater amount oxidation took place and a visible black him appeared 
on the anode. 


TABLE IV. — Oxidation of Palladium in JV/s NaOH with 8 5 x lo-* amps. 



Anodtr Coulombs. jCathodic Coulombs 

( 


Atioclic Coulombs. 

Cathodic Coulombs 

(I) 

510 V io-» I 

14 X 10* 

( 4 ) 

j 

76,500 \ IO~* 

85 X 10 * 

(2) 

1020 * 

19 

(51 

I,C 20 

70 

( 3 ) 

5100 j 

33 

(♦>) 

( 8 - 4 ) • 

4H 


♦ With i - 28 X lo *. 


It was again found that when the oxidation had once taken place, the 
oxide was reformed much more easily than initially. The final experiment 
shows that the oxidation can now be effected with small currents and that 
the efficiency of oxidation in the early stages is high. Even in the reduced 
state the electrode had lost its brightne.ss, but after a few days* rest the 
brightness returned and the electrode reverted to its original condition. 

Similar effects were observed with rhcxlium electrodes. No appreciable 
oxidation was at first observed with small anodic currents, but with large 
currents an additional depolarisation process similar to that of palladium 
appeared in the cathodic curve. The peroxide is not so stable as that of 
palladium for in dilute alkali {X / 5) its amount decreased by about 15 per 
cent, in six minutes. 


Like palladium, rhodium is rendered more susceptible to attack by 
previous anodic treatment. It was found that after oxidation with a 
large anodic current, even very small anoclic currents, which w’erc previously 
ineffective, were able to pnxJuce oxidation. It was therefore possible at 
such electrodes tr> observe the growth of the peroxide from the earliest 
stages of the antMlic process. A current of 10*4 x ib-* amps, was passed 

anodicaliy, taking the 
TABLE V. potential in successive 

experiments to incrcas- 
ingly positive values. 
After each such anodic 
polarisation the current 
was reversed and the 
amount of “ oxide mea- 
sured by the quantity of 
current required to take 
the potential to — o*oa 
volts. The adsorbed oxy- 
gen layer was destroyed 
by further cathodic polar- 
isation before the next 
anodic treatment. The 
results are shown in 
Table V, ^ ^ 
anodic polarisation re* 
quired to take the poten- 


Expenment. 

Potential 

Rearherl, 

Coulombs y lo"* 

K 


r 

<0 Vj. 

-Vf. 

1 : 

1 

j ( 4 ) 9 l- 

1 

T 0*1 8 

1 ! 


1 

I '6 

>5 

3 

r 0-28 

[ 7-7 

1 

47 

'2-4 

.5 

- 0-38 

9 9 1 

4*5 ' 

' 5-4 

3 7 

7 

- 4 - 0-48 

«.Vo 1 

(>•0 ; 

70 

6*0 

9 

-f 0*58 

IK-2 

7*5 i 

io»7 

9*2 

11 

-i- 0-68 

22*9 

9*0 

13-9 

I 3 « 

13 

-f 0-78 1 

3<»-5 

I 90 

27 * 5 * 

19*3 


* The evolution of oxygen 
point and this figure includes 
in the liberation of oxygen. 


has begun at this 
carrent employed 


ti^ to the ^ven value, the amount required at an untreated electrode in 
toe normal formation of the adsorbed oxygen layer. The difference Qi - 0 * 
IS the amemnt which has presumably been employed in the formation of 
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the peroxide, is the amount of cathodic polarisation required to re- 
duce the peroxide. 

The figures in column (2) are based on the assumption that the amount 
of cunent required to produce the adsorbed layer is the same as in the 
original state of the electrode. That this is not far from true is shown 
by the approximate agreement of columns (3) and (4). Thus it is evident 
that at a previously oxidised electrode, the peroxide Ls formed simultane* 
ously with the deposition of the adsorbed oxygen and at about the same 
rate. The formation of peroxide continues at a slow rate, however, after 
the evolution of oxygen has begun. 

When the electrc^e is in this state, it is not possible to obtain either 
the normal anodic ** capacity *’ curve, or the curve normally representing 
the formation of the adsorbed layer. Fig. 5 shows curves representing the 
anodic polarisation from two different potentials. Before curve A the 
electrode has been taken to near the reversible hydrogen potential, so as 
to destroy the adsorbed layer of oxygen. The anodic curve is flatter than 
the normal, the quantity of current passed being that required to deposit 
the adsorbed layer, with the concomitant “ pcroxidic *' oxygen {cf. Table V.). 
Before curve B 
the electrode fJ 
has been polar- 
ised cathodi- 


cally suflici- I 
ently to reduce 
the **perox- j 
idic " oxygen - ; 
but not to ‘'1 
destroy the ad- j 
sorbed layer. ^2' 
The quantity | 
of current I 
j^xuised is thus iC 4 
that required 
to replace the 
peroxidic oxy- 
gen. The dif- 
ferences be- i 
tween the 


[AnoJiC Pohnsohon f Coujombs X ftT^] 
/ I 


quantities of 1*10. 5." AncHiic |K>lansatiun of a rhoilium electrode in 
current re- o j.V, NaOH. 


quired to reach 

various potentials in curves v\ and B, which are shown by curve C, 
should therefore represent tlie current used in forming the adsr^rbed layer. 
Since this corresponds fairly closely with that of a normal electrode, it 
appears on this ground also that the electrode area has not been much 
increased by the previous anodic treatment. 

Similar experiments were made wnth indium electrodes in dilute acid 
and alkaline solutions, but no evidence of peroxide formation was obtained. 
In the case of platinum no signs of this behaviour had been observe in 
the experiments prcvUmsly recorde<i, and new experiments were made 
with comparatively large currents, but no oxidation was observed. How- 
ever, it been noticed,^ that the rate of decay of the overvoltage at open 
circuit is slower than the theoretical rate for the flrst 100 seconds after 


stopping the current. It was suggested that this was ** due to a slight 
electromotive activity by the oxygen formed in the electrolj^is, which 
remains for a time (about one minute) and then disappears.'* By analogy 
with the other metiUs this behaviour might reasoi^bty be attributed to tJ^ 
formatkui of a small amount of peroxidic oxygen which decomposes in 
dilute sulphuric acid in less than 100 seconds. 


^ Armstrong and Butler* loc. 
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Discuaglon. 


The formation of peroxidic layers has been demonstrated in the case 
of two of the four metals of the platinum group investigated. In the 
fir^t place it is necessary, in view of the small quantities of oxide formed, 
to consider whether the effects might not be produced by the deposition 
of peroxides from traces of metallic impurities in the solution. If this 
were the case we should expect the electrodes of different metals to be^ 
have similarly and the phenomenon observed would be characteristic 
of the solutions rather than of the metals. To obtain conclusive 
evidence on this point a platinum and a palladium electrode were placed 
in the same solution and treated similarly. Peroxidation of the kind 
described occurred at palladium, but none was to be observed on the 
platinum. 

The oxide is formed extremely slowly at a new electrode. In the 
case of rhodium the maximum amount observed is of the same order 
as a single molecular layer, while with palladium after very large amounts 
of anodic polarisation a layer of oxide several molecules deep is formed. 
When the oxide has once been formed, and reduced, it is very readily 
reformed. 

Since the rate of oxidation is so small that it takes a considerable 
time to form even a single molecular layer of oxide, some parts of the 
surface must be more readily oxidised than others, and it must be sup- 
posed that the oxidation begins at exposed atoms or edges and spreads 
over the surface. This may be because the attachment of an expo.sed 
atom to the surface is so weakened by the attached oxygen that it is 
pulled out from the surface giving rise to a definite molecule of oxide, 
while the underlying metal atom now takes up an adsorbed oxygen, 
viz , : — 


MM**'0 

MM***0 

MM-0 

^ M-O (m 

M-0 

M***0 

M-0 

M-0 


But since the oxidation occurs more rapidly with a greater current it 
is probable that the oxygen liberated is concerned in the formation of 
the oxide. This could happen if an exposea metal atom could take up 
a second oxygen atom as in (a), which will be ** peroxidic ” in character 
since it is more loosely held : — 

MM-0 

M***0 
M-0 

{^) (b) 

The exposed atom is then pulled away from the surface, giving rise to 
a definite molecule of oxide as in (6), while an oxygen atom can then l>c 
adsorbed on the underlying metal atom. The stage (a) has not been 
directly observed, but indications of it are to be found in the slight 
electromotive activity which is observable at platinum after the stoppage 
of the current. This may be due to a slight peroxidation as in (a), 
without any distinguishable oxide formation. 
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The attack of an insoluble metal by oxygen at the anode thus takes 
place in the following stages. The formation of an adsorbed layer of 
oxygen is probably followed by the addition of peroxidic oxygen at 
exposed parts of the surface. With the more inert metals, platinum and 
iridium, the process stops here, but if the forces between the metal 
atoms are not so great the attachment of the “ peroxidiscd ” atoms to the 
surface may be so weakened that distinct molecules of the oxide are 
formed, and the neighbouring atoms aie then left open to attack. This 
occurs very slowly with palladium and rhodium, more rapidly with gold 
and as will be shown in a further communication, very readily with the 
more easily oxidised metals, lead and nickel. When the surface oxide 
is reduced the atoms are probably rcdeposited in a chaotic condition and 
are readily reoxidised, but if the electrode is left standing for a few days 
a process akin to crystallisation takes place and the electrode reverts 
to its original inactive state. 

It is unlikely that this phenomenon has any direct bearing on the 
oxygen overvoltage, for the rate of decomposition of the peroxide is 
not sufficient to make it a factor in the liberation of oxygen at the 
electrode, but it may have a secondary influence owing to the changes 
in the nature of the surface which are brought about. It has in fact 
been observed that in the continuous liberation of oxygen at a constant 
rate at these metals, the overvoltage continues ot increase for some hours. 

We thank Messrs. Imperial Chemical Industries and the Earl of 
Moray Endowment for grants for apparatus and materials respectively. 

Summary. 

1. When electrodes of palladium rhodium and indium are anodically 
polarised in acid and alkaline solutions, an adsorbed layer of oxygen is 
formed prior to the establishment of the oxygen overvoltage, similar to 
that previously demonstrated in the case of platinum. 

2. With p^ladium and rhodium a second stage in the oxidation has 
been observetl, vis., the slow formation of oxides of a peroxidic character, 
which arc reduced cathodically at a more positive potential than the 
adsorbed oxygen. The conditions of formation of these oxides have been 
investigatcxl, and a mechanism of the oxidation suggested. 

King's Buildings, 

West Mains Road, 

Edinburgh. 


THE MECHANISM OF ELECTROLYTIC PRO- 
CESSES- PART IL THE ELECTROLYTIC 
OXIDATION OF SODIUM SULPHITE^ 
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In recent years considerable additions have been made to our know- 
ledge of the conditions under which oxygen is liberated in electrolysis 
at the anode, and a stage has been reached at which it is appropriate 
to reconsider the mechanism of electrolytic oxidations. Bowden ^ 
» Bowden, Proc, Roy. See., 1929, ta6A« 107. 
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showed that Tafel’s relation i =* where a = iF/RT, is obeyed 

in the liberation of oxygen at the anode, and if Gurney’s quantum 
mechanical interpretation • of this relation is correct this implies that 
the discharge takes place by the transfer of electrons from (hydrated) 
hydroxyl ions near the electrode. It has, however, been shown • that 
before the voltage necessary for the liberation of oxygen is reached, a 
layer of adsorbed oxygen atoms is formed on the electrode surface of 
platinum and other noble metals. In the case of palladium and rhodium ^ 
a small amount of peroxidic oxide also is slowly deposited during the 
oxygen evolution. At the more easily oxidisable metals such as lead and 
nickel, oxides of a peroxidic nature are formed by anodic polarisation 
in appreciable quantities. 

The possible processes by which an electrolytic oxidation may be 
effected may thus be listed as follows : — 

A. A primary' electrochemical oxidation by the direct transfer of 
electrons to the electrode from the substance in solution or adsorbed 
on the electrode surface. 

B. A secondary oxidation brought about by a primary' product of 
the electrolysis, such as : 

(1) Atomic oxygen liberated by the primary' discharge of hydroxyl 
ions ; 

(2) Adsorbed oxygen ; 

(3) Any other primary product of the electrolysis, f.g., superficial 
peroxides. 

It is possible to distinguish between these processes to some extent 
by observing the electrode potentials at which the oxidation takes 
place. If the primary process is the liberation of free oxygen w'hich 
effects the oxidation by a secondary reaction with the dcpolariser, the 
potential should be that at which oxygen i.s normally produced under 
the given circumstances. The adsorption of the depolariser on the 
electrode may cause displacement of the potential in this case, but 
since this reduces the effective surface of the electrode the displacement 
will be in the positive direction. Therefore if the oxidation occurs 
at a more negative potential than that at which oxygen is produced 
under the same conditions in the absence of the depolariser, the 
mechanism Bi is ruled out. 

It will also be possible sometimes to distinguish other cases, e.g., 
when the electrolytic oxidation take.s place at a more negative potential 
than that at which the deposition of adsorbed oxygen begins a primary 
electrochemical process (A) is indicated. If the oxidation takes place 
in the same region as that in w'hich adsorl>cd oxygen is formed, a dis- 
tinction betw'een processes A and B2 will sometimes be possible by 
observing the effect of varying the of the solution. 

In order to find a system suitable for quantitative study preliminary 
experiments were made with solutions of aniline, methyl alcohol and 
formaldehyde. The first gave rise to insoluble films on the electrode, 
the second appeared to be oxidised in two distinct stages, while formal- 
dehyde easily gave rise to insoluble polymerisation products. Finally, 
the oxidation of sodium sulphite was chosen as a suitable reaction. 

* Gurney, Roy, Proc, Soc., 1931. l^A* 137. 

* Butler, Armstrong and Himsworth, ibia.» 1933, 143 A, 89. 

* Butler and Drever, this vol., p. 427. 
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This oxidation has already been extensively studied, the main pro- 
ducts being sulphate and dithionate. Foerster and Friesner* and 
Friesner • found that the yield of dithionate was influenced by the nature 
and the previous treatment of the electrode and for this reason the latter 
rejected the simple electrochemical mechanism (aSOj* == S^OaT 4- 2€) 
and suggested that the oxidation was effected by oxygen, viz , : — 

2S08- + iO* = SjOr + 0*. 

Essin ’ extended this view and suggested that no dithionate could be 
formed until a certain pressure of oxygen was reached, but Glasstone 
and Hickling ® have shown that this view is untenable since dithionate 
is formed as readily at less as at more positive potentials. The latter 
have re-examinC?d the conditions and products of the oxidation and, in 
line with their general theoiy' of electrolytic oxidation,® suggest that 
the primary product which effects the oxidation is hydrogen peroxide. 
It is supposed that dithionate is formed by the action of hydrogen 
peroxide alone, while sulphate is produced both by hydrogen peroxide 
and its decomposition product, oxygen. Thus any circumstances which 
favour the decomposition of hydrogen peroxide should increase the 
yield of sulphate. It was found that the addition of substances 
{Mn^"^, Co”^*', powdered Ag) which are known to be catalysts for 

the decompo.sition of hydrogen peroxide decreases the yield of dithionate. 
Walker and Weiss have, however, pointed out that under the con- 
ditions of Glasstone and Hickling’s experiments on the effect of catalysts 
on the Kolbe synthesis, oxidic films are frequently deposited on the 
electrode and the change in the nature of the electrode surface is quite 
capable of producing the variation of the oxidation products. 

Experimental. 

Procedure. I'he object of these experiments was to sec whether the 
possible mechanisms of the oxidation could be distinguished by a study 
of the current-potential and time-potential curves. The classical method 
of determining current-p<itential curves, in which a definite voltage is 
applied to the cell and the final value of the current passing is observed, 
often fails to give information as to the initial stages of the electrolysis. 
In this work constant currents were employed and observations made of 
the potential of the electrtHle a definite time after starting the current. 
In many cases supplementary information was also obtained by observa- 
tions of the potential with the lime. The experiments were made on un- 
stirred solutions, since this has been found to be a convenient means of 
observing consecutive prtKosses. 

Sodium sulphite solutions in ordinary distilled water are fairly rapidly 
oxidised, owing probably to the catalytic influence of traces of copper. 
The water employed was redistilled in a Pyrex apparatus from ba^um 
hydroxide and f^tassium permanganate, and gave reasonably stable 
solutions, with which reproducible time-potential curves could be obtained. 

The buffer solutions of 6-8 were of M/zo KHtP 04 with the appro- 
priate additions of NaOH, while those ol pu 9 -io contained 

* Foenter and Friesner, Ber,, 1902, 2515 ; Z. physikal, Chern,, 1904, 

47 * ^59. 

* Friesner, Z. Ekdrocksm,, 1904, 10, 265. 

* Essin, ibid,, 1928, ^ 78. 

® Glasstone and Hickling, /. Ck 4 m, 1953, 138, 829. 

* Ibid,, 1932, iMf 2345. 

Walker and Weiss, Trams* Faraday Sac*, 1935, 31^ 1011. 
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ilf/20 KCl with appropriate amounts of alkali. It was found by the use 
of indicators that the addition of M/100 NagSOa did not cause a signifi- 
cant change of the Pu of these solutions. 

The electrodes were of platinum foil of 2 cm.* apparent area. When 
observing the variation of the potential with time, the electrode was prior 
to each experiment cathodically polarised to near the reversible hydi^en 
potential and the solution was then stirred by passing a stream of nitrogen 
for five minutes. When this procedure was carried out exactly reproducible 
curves were obtained. The current-potential curv'es, which show the 
potential reached a definite time after starting the current (fifty seconds) 
were obtained from the time-potential curves when the change of potential 
unth time was appreciable. When the latter w'as small, the potential was 
observed at the stated interval. The apparatus was similar to that 
described in Part I. 

The Current -Potential Curves of N/lOO NajSOs Solutions 

of Various pa* 

These curves, which are shown in Fig. i, give a general picture of the 
conditions under w^hich the oxidation takes place. It can be seen that 



with small currents the electrolysis begins betw'een Eh 0*65 and 
■f 075, but as the current is increased a transition occurs and the potential 
falls to near the oxygen discharge potentials of the buffer solution. While 
the i^tential of the initial stage is not much affected by the Ph of the 
solution (it moves slightly towards the positive as the p^ increases), that 
of the final stage is considerably displaced in the ne^tive direction by 
mcrease of p„. The fall of the potential which occurs in the transition 
is thus small in alkaline solution and becomes greater as the acidity in- 
creases. The current at which the transition to the lower potential stage 
takes place increases as the pn is decreased. 

It has been found that the transition current, when determined 
in this way, is approximately proportional to the concentration of the 
depolariser. The magnitude of the change observed is, however, com- 
paratively small over a wide range of p®# and it cannot be concluded that 

“ Butler and Armstrong, Proc, Roy. Soe., 1932, lg7A, 604. 
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the change is due to the relative concentrations of the HSO^ ion. which 
vary very much more widely in these solutions. Indeed we may conclude 
from the comparative independence of the i^tential of the initial stage, 
together with the small variation of the transition current that the process 
is not afiected by the proportions of HSO^" and SOJ* present in the solution. 


The Time-Potential Curves. 

In order to find the cause of the transition observed above, the varia- 
tion of the potential with time was observed in various solutions with cur- 
rents in the 
neighbourhood 
of the transi- 
tion current. 

A typical series 
obtained with 
NJioo Na,SO, 
in a buffer 
solution of />|| 

7 is shown in 
Fig. 2. Similar 
curves were 
obtained with 
other concen- 
trations of sul- 
phite. Defin- 
ing the transi- 
tion time i as 
the time in 
which the po- 
tential reaches -f 




[coidomks X 

! Z ^ 4 ^ S 7 t $ fO !t h i4 h fS if 

Fig. 3 — Effect of concentration of Xa^SO, (in buffer of 7) 
on the length of the anodic break (f) to E = i»2 volts. 


1*2 volts, it is found that for each solution the relation 
it iV * 

holds, where i is the current, and and a are constants. The graphs of 
it against /, which demonstrate this relation arc shown in Fig. 3. The 
following table shows the values of and % for the various concentrations, 
and it can be .seen that, except at the highest concentration, these constants 
are approximately proportional to the concentration. This relation has 
been obtained under .similar conditions in a number of other electrochemical 

reactions and has been inter- 
CoNSTANTs or EgoATioN 1/ . »V * IK prctcd in these cases as a con- 

Various Conckntratioks of Sodium iiequence of the depletion of the 

SU1.PHITS. depolariser near the electrode, u 

represents the limiting current 
below which no transition occurs. 
When the current is smaller than 
this value, the depolariser can 
reach the surface by diffusion 
from the solution at a rate equal 
to or greater than that at which it 
is being removed ; but when a 
greater current is employed the 
rate of removal of the depolariser 
by the electrochemical process is 
greater than the rate of diffusion and ultimately the supply of depolariser 
near the surface is exhausted, and the potential falls to a lower value at 
which an alternative process can take place. WcTmay therefore conclude 
that the transitian observed in this reaction is due to the same efifect. 

**Lac. cit.. (ii) and (3). 
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The Nature of the Oxidation Process. 

We have now to consider the nature of the proceas which occurs in the 
primary stage of the electrolysis. It is known that adsorbed oxygen is 
formed over a range of potentials more negative than that at which oxygen 
is liberated. This range has not been clearly defined, and experiments 
were made to define the region in the buffer solutions employed. The 
curves obtained in a buffer of />h 7 are shown in Fig. 4«. The group A, of 
the anodic polarisation in the buffer solution containing no sulphite, shows 
the linear stage XY which indicates the deposition of adsorbed oxygen. 
The group B, of the same solution containing N/ioo Na|SO,, shows clearly 
that the electrolysis begins at a more negative potential than that at which 
the formation of adsorbed oxygen takes place. The electrolytic process 
taking place in this solution cannot be due to prior formation of adsorbed 
oxygen. On the other hand, in more alkaline solutions, the oxygen forming 



Fig. 4. — Time-potential curves of solutions (A) without and (B) with N/100 
Na^SOj. The currents with w'hich the curves were obtained, taken in order 
downwards in amps, x 10-’ are : (a) Group A. 380, 470, 630, 830 ; Group B. 
380, 470, 830, 2030 ; (6) Groups A and 420, 7^*0. 

processes move towards more negative potentials, while the potential at 
which oxidation takes place is comparatively unaffected. Thus it is found 
(Fig. 46) that in alkali the oxidation occurs within the region in which 
adsorbed oxygen might be formed. In alkaline solutions it is therefore 
a possibility that the oxidation is effected by adsorbed oxygen, but it is 
very unlikely that the fundamental mechanism varies with the pa* 

Effect of Catalytic Substances* 

Glasstone and Hickling found that the addition of salts of manganese, 
co^t, iron, etc., caused a profound change in the course of the electrolytic 
oxidation. The yield of dithionate (except with cobalt additions) was 
markedly reduced and in the ca.se of manganese the initial potential stage 
was nearly suppressed. They interpreted these changes in terms of their 
hydrogen peroxide theory, but Walker and Weiss have shown that in 
another oxidation process (Kolbe reaction) under the conditions of 

**Loc, cit„ (8), also/. Chem, Soc„ 1934, 
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Glasstone’s experiments visible films of “ oxides are frequently formed 
on the anode. 

We examined the effect of small amounts of various salts on the time- 
potential curves under the conditions previously described. A phosphate 
buffer of pH 7 employed to which only small concentrations of the salt 
could be added without precipitation. Cobaltous, chromic and ferric 
salts at M /5000 caused small displacements of the initial stage in the positive 
direction, without having much 
effect on the transition time. The 
effect of manganese sulphate is 
shown in Fig. 5. It is observable 
even at Af/2 50,000, and the initial 
potential stage is almost entirely 
suppressed at Af/25oo. In these 
more concentrated solutions a 
visible oxide him was formed on 
continued anodic polarisation and 
a study was therefore made of 
the conditions of its formation. 

The Anodic Formation of 
MnO| Films. 

In these experiments the solu- 
tions in the electrolysing cell were 
rigorously freed from oxygen by 
bubbling purified nitrogen for a 
considerable time. The nitrogen 
was purified by passing over red 
hot copper, followed by alkaline 
pyrogaJlol. The freedom of the 
solution from oxygen was shown 
by the absence of an oxygen 
break in the cathodic curve ev'en 
when the solution was vigorously 
stirred. 

It was found that manganese salts w'ere precipitated in the phosphate 
buffers and in alkaline solutions at concentrations above M /2500, so that 
in order to use a greater concentration dilute sulphuric acid was employed 
as electrolyte in these cxf>eriment!i. 

The conditions under w hich the film is formed are illustrated in Fig, 6, 
which shows the behaviour of jV//ioo MnSO| in Af/ioo H,SO|. The anodic 
curve abc show's first the linear part ah along which the deposition of ad- 
sorbed oxygen occurs. In .sulphuric acid ^one this w'ould continue to 
about -f 1 *5 volts, but in the presence of the manganese the curve becomes 
horizontal (after a slight kink) at about -f X’3, The cathodic curves were 
obtained by reversing the current after various periods of anodic polarisa- 
tion. After seventy seconds anodic (w'hich brings the potential to the 
point b) the cathodic curv'e show’s a well-marked break gh, which is nearly 
equal in length to the linear stage ab and represents the removal of the 
adsorbed oxygen. After longer anodic polarisations it remains constant, 
bqt a new cathodic stage df appears, which is nearly equal to the length of 
the anodic treatment after the point 6. This process is e\’idently the re- 
moval of the oxide film formed along be. The oxide is thus formed and 
reduced at potentials only slightly removed from each other and the process 
of its formation and reduction is evidently rev*ersible« The potential at 
which these processes occur is w»hicb4s in agreement with the 

recorded potential for a solution of the same acidity, so that 

it can be concluded that the oxide deposited is MnOt* 

** Tower. Sttr. Ahid, Wiss., WU 1900, 3a, 566 ; quoted in /.C.T., vol. VI. 



Fig. 5. — Effect of MnSO^ on the time- 
|x>tential curves of N/ioo Na,SOa in 
Pb 7 3®® X amp. (i) No 
Mn ; (2) M/250.000 Mn : (3) M/ 10,000 
Mn ; (4) M/2500 Mn. 
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In some experiments with a larger anodic current (125 x lo-* amps.), 
it was observed that signs of the him were just visible after the passage of 
6 X io-» coulombs ; it was a uniform pale yellow after 9 x io-» coulombs, 
pale brown after 19 x 10 coulombs and brown and opaque after 25 x io-» 
coulombs. The latter ^bably corresponds to a film of the order of 10 
molecules deep. A similar series of colours appeared in the reverse order 
on removing the film cathodically. 

The amount of cathodic treatment required to remove the film is usually 
slightly less than the quantity of electricity passed anodically in its for- 
mation. The difference is accounted for by the fact that the oxide dis- 
solves sjwntaneously at a slow rate in M [100 sulphuric acid. The rate of 
solution is appreciably more rapid in M/10 and more concentrated solutions. 

Taking this into account the oxide is deposited with 100 per cent, 
efficiency with small currents from M/100 MnSO*. but the efficiency of 
its formation becomes less when the concentration of manganese is reduced. 
Thus in M /i 0,000 MnS04, the anodic potential does not remain constant 



after the point a, but continues to fall slowly until the oxygen discharge 
potential is reached, and after 17 x io~* coulombs had been passed anodi- 
cally the amount of oxide corresponded only to 3*5 x 10 “• coulombs. 

The potential of the Mn + + /MnO, electrode is determined by the reaction 
Mn^^ 2 H ,0 MnO, 4- 4H^ 4 2c, i.e., E - + zRT/F log (H -), and thus 

for a constant concentration of Mn^“»^ becomes more negative by 0*12 volts 
for each unit increase of pH. The effect of the Ph on the deposition of 
MnO, is thus twice that on the discharge of oxygen and while in an acid 
solution the deposition of the oxide begins only when the adsorbed layer of 
oxygen is nearly completed, in solutions having a pH greater than 7 the 
oxide is formed bef^e the deposition of adsorbed oxygen. Thus in these 
^lutions the de^sition of the oxide takes place in the same region as that 
in which the primary oxidation of sulphite takes place, so that the sup- 
pression of the primary stage in the presence of manganese ions can be 
accounted for as due to the formation of a film of oxide, which may in the 
ewly stages of its formation at any rate be quite invisible. Presumably 
the jnimary oxidation process cannot take place at an electrode covered 
with MnOj, 
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Dlscttstfcm* 

It has been shown that in 7 solutions the primary electrolytic 
oxidation takes place at a more negative potential than that at which 
adsorbed oxygen is formed, and indeed in a region in which no electro- 
chemical process can be detected in the buffer solution alone. It is 
difficult to avoid the conclusion, contrary to that of previous investi- 
gators, that in this solution the oxidation is a primary electrochemical 
process brought about by the direct transfer of electrons from sulphite 
ions to the electrode. In more alkaline solutions (/>h > 9 ) the region 
in which adsorbed oxygen is formed overlaps the potential at which the 
oxidation takes place and reaction between adsorbed oxygen and the 
sulphite is clearly a possibility. Since, howevei, the oxidation potential 
is only slightly affected by changes of it may be concluded that the 
primary oxidation process continues to take place even in the more 
alkaline solutions. 

In these experiments the quantities of electricity passed are very 
small and it is not feasible to examine the products of the reaction. 
Glasstone and Hickling have shown, however, that dithionate and 
sulphate are the main products, the yield of the former being less than 
a half of the total oxidation. The simplest way in which these sub- 
stance.s could be formed by a primary' process is as follows : if a sulphite 
ion SOr loses two electrons to the electrode, the uncharged SO3 molecule 
may combine either with another sulphite ion or with water, tnz., 


sor 


SOs 



SjOfT 


H2S04 


Similar processes are possible with the HSOJ* ion. 

It might expected on this view that the yield of dithionate would 
l>e increased by an increase of the sulphite concentration, since the chance 
of the first reaction would be greater. According to Glasstone and 
Hickling's observ'ations this is not the case. This difficulty would, how- 
ever, occur in almost any theory of the reaction, since the dithionate 
must be formed from two sulphite residues. A passible reason is that 
the reaction takes place entirely between adsorbed materials and if the 
surface is practically saturated over the range of concentrations studied 
this effect would not occur. 

solutions of pn > 9 another reaction is possible, vis.^ 
SOjr + O — SOr, which will increase the proportion of sulphate 
formed. Since the amount of adsorbed oxygen formed at a given 
potential increases with increase of alkalinity, this reaction will also 
occur to a greater e.xtent. This explains Glasstone and Hickling*s 
observation that the yield of dithionate is a maximum in the region 
Paj 7 to 9 and decreases as the solution becomes more alkaline. They 
also found that the yield decreased in more acid solutions and became 
very small at 1. While we have made no experiments in this region, 
it may be suggested as a possible explanation that undissociated 

SOt» which are largely present in the more acid solutions, are unable 
to bring about the dithionate reaction. 

Gla^tone and Hickling also observed a transition from a higher 
to n lower potential during the course of the oxidation, under the con- 
ditions of their experiments, tfiz., long continued electrolysis with a 
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rotating electrode. It is difficult to judge the significance of this. 
Transition phenomena due to the depletion of the depolariser also 
occur in stirred solutions, the effect of stirring being to decrease the 
thickness of the diffusion layer and so increase the transition time. 
However, many samples of distilled water contain slight traces of metallic 
impurity in amounts quite sufficient to form films of oxide a few mole- 
cules thick on the electrode, and a possible cause of the transition is the 
formation of such films in the course of a long continued electrolysis.* 

In conclusion, we may observe that Glasstone and Hickling’s argu- 
ments in favour of their hydrogen peroxide theory of electrolytic 
oxidation are almost entirely indirect, since it has not been shown that 
HA is a product of the electrolysis under the conditions of the experi- 
ments. The more important indirect arguments on which they rely 
are (i) the transition of the potential has no significant effect on the yield 
of dithionate ; (2) the yield of dithionate is a maximum at 8 and 
decreases both in more acid and in more alkaline solutions, (3) the 
addition of substances which are catalysts for the hydrogen peroxide 
decomposition decreases the yield of dithionate. The first appears to 
be not clearly shown by Glasstone and Hickling*s.own curve, while it 
has been shown that the effect of changes of pn can be alternatively 
explained. Finally the effect of catalytic ions can be attributed to the 
formation on the electrodes of peroxidic oxides at which the primary 
oxidation cannot take place. 


Summary. 

1. The conditions under which the electrolytic oxidation of sodium 
sulphite occurs in buffer solutions of various Pn ha» been examined. 

2. It is shown that in pH = 7 fhe oxidation takes place at a more 
negative potential than that at which adsorbed oxygen is formed. Since 
no other primary process is observed in this region with the buffer solution 
alone, it is concluded that the oxidation takes place in this solution by the 
direct transfer of electrons from the sulphite ions to the electrode. In 
solutions of Ph = 9 the oxidation occurs in the same region as that in 
which adsorbed oxygen is formed so that in these .solutions oxidation by 
adsorbed oxygen is a possibility. 

3. The effect of various added salts was studied and it was found that 
in the case of manganous salts, which are much the most effective, the 
suppression of the initial stage of the electrolysis w'as due to the formation 
of a film of manganese dioxide. 

4. The re.sults of this investigation are not in accordance with Glasstone 
and Hickling's hydrogen peroxide theory. An alternative mechanism has 
been suggested. 

We acknowledge gratefully a grant made to W. M. L. by the Ritchie 
Bequest. 

King's Buildings, 

West Mains Road, 

Edinburgh. 

^ Glasstone and Hickling regard the changes of potential which occur as 
secondary effects produced by the accumulation of oxygen at the electrode and 
suggest that the oxidation processes themselves are not affected by the potential 
change since the curves showing the total oxidation and the amount of dithionate 
formed show “ no marked discontinuity.** It may be observed, however, their 
curves show that the efficiency of dithionate formation does in fact decrease as 
the electrolpis is continued and is much smaller at the end than at the be- 
ginning. The analyricai accuracy is probably insufheient to show if a change of 
slope is associated with the potential transition. 
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I. 

In a previous paper * there was described and briefly discussed a 
phenomenon found in some thixotropic systems which contain particles 
of strongly anisometric shape, e.g.^ plate- or rod-like particles. Thixo- 
tropic sols (of VjOft) or suspensions (of gypsum) having a certain time 
of solidification, wJien left to themselves, could be solidified in a very 
much shorter time by moving the liquid in a gentle and regular way ; 
for instance, by rolling the test tube containing the sample to and fro 
between the palms of the hands. This new effect was named “ rheopexy.’* 

It was theie assumed that the cause of this solidification is the orienta- 
tion of the particles brought about by the movement of the liquid. 
If this were true, one w’ould expect that other means of orienting the 
particles, for instance a magnetic field or an electric current, would 
favour solidification in these thixotropic sols. Preliminary experiments 
in this direction have so far not been successful. This and other facts 
leave it an open question, whether orientation of the particles is really 
the cause of, or only a phenomenon accompanying the rheopcctic be- 
haviour. 

The following paper deals mainly with another question : how is 
rheopexy related to ordinary thixotropy } 

IVactically all experiments were done with sol. It showed valu- 
able properties in many respects, although its lack of stability under 
certain conditions was a distinct drawback. 

The experiments were performed in test tubes with ground-in glass 
stoppers having an inner diameter of 9 mm. Whether a sample had 
solidified or not, was tested by reversing the test tube carefully. Only 
when the gel did not flow at all, was it considered to be solid. The time, 
from the moment the gel had been fluidified by shaking till it had solidified, 
LH referred to as the time of solidification By spontaneous solidification 
is understood the transformation of a sol into a gel, when the sample is 
left to itself without being moved or disturbed. This is the ordinary' 
thixotropic solidification. It must be distinguished from the rheopectic 
solidification caused by a suitable movement. 

It has been found convenient to construct a special ** machine in 
order to produce in a better defined and reproducible way the to and fro 
movement of the test tube which has proved useful for solidifying rheo- 
pectic sols. The princijple is very simple. A disc is rotated by a motor. 
By a suitable transmis^on this rotation is transfi>nned into a movement 
to and fro of a pulley. The latter bears a cylinder containing the test 
tube with the sample. 

The fi^peed of the machine could be varied and the influence of this 
variation wras studied in order to find the speed which would cause the 

^ Freundltch and Juliusburger^ Traits. Fmmiay 1935. 3I> 920. 

S, 445 16 
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quickest solidification of any given sample. A speed of about 120 to 140 
changes per minute was found to be the most favourable in the majority 
of experiments. If the speed was too small, the movement of the liquid 
was not sufficiently strong and a longer time was needed to cause solidifi- 
cation. This w-^as also the case, if the tube was moving too fast, probably 
because too strong a movement destroys the structure already formed. 
When dealing with a very viscous sol. the best working conditions were 
at a higher speed. In the majority of cases, however, the properties of 
the various samples justified keeping the machine at the speed mentioned, 
without change. 

Another kind of regular movement was also most suitable for causing 
rheopectic solidification : instead of rolling the test tube one can tap it 
gently and regularly on the table, holding it in a vertical position. It is 
advisable to cover the board with a sheet of filter paper. Obviously any 
vibration may cause rheopectic .solidification. With the rheopectic sus- 
pension of gypsum in water, mentioned in the previous paper, a weak 
action of ultrasonic waves can cause rheopectic solidification. This experi- 
ment was not so successful so far with the much more sensitive \\ 0 & sol> 


II. 


In the paper mentioned the YjOj sol .showing rheopexy was al>)ut 
ten years old. Hence it was of interest to compare the properties this 
sol, as to thixotropy and rheopexy, with those of a freshly prepared 
sol. 

In the following experiments frequent references will made to sol 
A. B, and C. 

Sol A was a V, 0 »-sol which had aged about ten years. The amount 
of VjOj, found by evaporating and melting for a very short time, was 010 
per cent. The sol was reddish brown in reflected, clear red in transmittinl 
light. When stirred and viewed in reflected light distinc t streaks were 
seen abundantly. * 

Sol B w^as a freshly prepared sol w'hich had aged for 3 weeks at 
the start, and for 7 weeks at the end of the experiments. As with sol A 
the method of preparation was that given by Biltz.* The sol was dialysed 
in cellophane bags, w'hich proved very suitable for this purpe^e. Dialysis 
went on for 3 w^eeks, the water being changed frequently ► The apjx*ar- 
ance and properties of the dialysed sol differed markedly from those of 
the undialysed sample. The former evidently contained extremely 
small particles. The colour was almost black in reflected light, and deep 
red in transmitted light. The sol containv.d 0*72 For the sake ot 

comparison, however, the .sol w’as in some experiments diluted to the 
same concentration (o-iO per cent.) as sol A. Streaks w'ere vi.siblc, when 
the sol was stirred, but they were much less pronounced than with sol A. 

Sol C was prepared from sol B in the following manner : samples of 
sol B, contained in sealed test tulles, were heated in a water bath for 
about 47 hours. Care was taken not to expose the whole test tube to heat- 
ing, for the reason that, if this were done, a part of the sol was destroyed, 
a coagulated deposit of V,Oj being formed at the boundary sol /water 
vapour /glass. But if the toundary sol /water vapour was ccxded from 
outside, thus maintaining convection currents within the sol, a decom- 
position of the sol could easily be avoided. Heating has a very strong 
effect : sol C finally resembles sol A, as to colour and distinctness of streaks. 
An exposure to higher temperature evidently causes, in a much shorter 
time, practically the same change.^ as ageing at room temperature does 
in a considerably longer time. Sol C had the same concentration of 
YfO* (0*72 per cent.) as sol B from which it had been prepared. 

• Diesselhorst, Freundlich and Leonhardt, EtsUr^Gtitel*Fisi$chrift, 1915, 
P* 453 - 

• W. BilU, Bet., 1904, 37, 1098. 
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The thixotropic and rheopectic behaviour of these three sols was com- 
pared with their appearance under the ultramicroscope. Thus the 
influence of particle size upon thixotropy and rheopexy was examined. 

We never succeeded in producing rheopexy with any sample of sol B ; 
the time of solidification $ was the same, whether the sol, after being 
vigorously shaken, was left to itself or was rotated on the machine. In 
one experiment 0 was in both cases 25 minutes (the sol contained 0-35 
per cent. YjO* and 39 m. Mol. the acid having been added at once). 

Sol B, the freshly prepared sol, was undoubtedly strongly thixotropic, 
when a suitable amount of H,S(>4 had been added, although it is not 
rheopectic. Tnder the ultramicroscope it was found to be optically void ; 
only a Tyndall cone could be seen, but no single particles. This may be 
attributed entirely to the small size of the particles. For the difference 
in the refractive indices of and the surrounding aqueous solution is 

great and quite sufficient to allow visibility. Nevertheless sol B shows a 
distinct optical anisotropy : streaks appear, when it is stirred ; a sign 
that the j)articles are anisometric. 

Sols A and C were both thixotropic and rheopectic. In sol A 0 was, 
for example, 3 hours for the thixotropic, 8 minutes for the rheopectic 
change (the sol contained 015 |>er cent. YjO* and 48 m. Mol. H,S04/2 ; 
the acid was adde<l at once). In sol C 0 was 20 minutes for the thixotropic, 
1 minute for the rheo|XH;tic change (the sol contained 0-23 per cent. X'jOs 
and 42 m. Mol H,S()4/2 ; the acid was added in ii equal portions). 

Tnder the ultramicroscoiK‘ lx>th sol .V and C were found to contain 
long, nee<lle-sha}K*d jmrticles with a length up to about ro/* and more.* 
In .sol A particle size stH.Tned to vary only slightly, whereas sol C appeared 
to lx* .somewhat helertHlispcTse. In the latter there also were seen a 
numU'r of particles which were considerably thicker than the majority 
of particles in this sol and in sol A, resulting pr()l>ably from the somewhat 
crutle procedure of jireparing sol C from B. So long as no electrolyte 
was addc^l. the needles showed Brownian movement. Most of them were 
so thin that they disiippearcd, when their long axis turned into a position 
parallel to the incident Ix'am of light ; they were obviously amicronic 
as to their two other dimensions. 

When electrolyte was added in such an amount that it did not cause 
macro-scopically visible coagulation, the Brownian movement gradually 
diminished until it ceased completely. The needles then seemed to form 
a kind of irregular struc- 
ture, These ultramicro- TABLK 1 .— Sol C. 


scopic exiieriinents were 
performed with sols which 
had bvitn diluted to a con- 
centration of alxmt 0*01 


The sol contained 0*23 per cent, VjO^ and 42 ni. 
Mol H,S04 2. The acid was added in 1 1 equal 
jxirtions. 


per cent. Y,0|. It was 
sometimes observed that 
other jmrticles present, 
probably dust, etc., still 
continued to show strong 
Brownian movement after 
the V'fO* needles had 
stopped moving ; this in- 
dicates that the 1 system 
as a whole had not turned 
solid. 


j 

S. 

1 ThixQtroi>k. 

RbeopecUc. 

Immediately 

1 


after mixing 

20 min. ; 

1 min. 

7 days 

much more than i hour j 

4 mins. 

14 days j 

3j hours 1 

12 mins. 

42 days 

more than 1 hour 

10 mins. 


YgO| sols containing 

HtSOi are very unstable : the time of solidification, for instance, changes 
strongly in course of time. This made it desiiable to investigate more 


* Good photographs of such needles have been published by Gessner, KoUcid^ 
cktm. 1924, I9» 213- 
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thoroughly the influence of varied conditions as to rheopexy and 
thixotropy. 

The first impression, that both thixotropic and rheopectic behaviour 
were limited to a very narrow range of concentrations, did not prove 
to be correct. Sol A could be diluted to half its original concentration 
whilst remaining thixotropic and rheopectic. 

The change in course of the time f of ^ of a rheopectic and thixotropic 
sol is shown in a typical experiment (Table I.). 

Table II. shows the influence of varying the concentration of electrolyte ; 
/ is the time elapsed after mixing. 


TABLE II. — Sol A (0*15 per cent. V, 0 *). 


Amoont of 
H,S 04 /a 
Present. 

39 m. Mol. 

48 m. Mol. 

57 m. Mol. 

/. 






Thixotropk. 

Rheopectic. 

Thixotropic. 

! Rheopectk. 

f 

Thixotropic. 

RheopectK . 

I hour 1 

still liquid 

1 

after 30 
mins, still 
liquid 

still liquid 

mins. 

I hour 

i 

t| mills. 

21 hours 

more than 
18 hours 

30 mins. 

more than 
18 hours 

20 mins. 

45 mins. 

3| mins. 

45 hours 

liquid at 
least 24 
hours 

more than 
20 mins. 

more than 
24 hours 

15 mins. 

several 

hours 

1 4j mins. 

117 hours 

liquid at 
least 60 
hours 

li hours 


t2 mins. 

1 

! 

10 mins. 


The influence of electrolyte concentration is marked and not simple- 
It is also important to add the electrolyte always in the same way in order 
to obtain the same results. The coagulation of sols is likewise often very 
sensitive to the rate at w’hich the electrolyte is added. Obviously the 
same holds for thixotropy and rheopex\’, which may both be considered 
as special, primary, stages of coagulation. 

TABLE III. — The Sols contained 0*16 per cent. VgO* and 125 m, hol. LiCl 
(Qo m. Mol. being added at once, the «e8t after 20 hours.) 


Sol A. I Sol C. 


/. 


Thixotropic. | 

^ Rheopectk. 

Thisotfopfc. 

Rheopectic. 

20 hours 

2 hours 

8 mins. 

2i hours 

2 mins. 

3 days 

approx. 

2 mins. 

more than 

i| mins. 


2 hours 


2 hours 


33 days 

12 mins. 

30 secs. 

22 mins. 

45 secs. 


The changes going on in course of time in these mixtures containing 
electrolytes also makes matters more comtfiicated. One is probably 
dealing not only with changes caused by colloidal processes, but also with 
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the effects of chemical reactions. V,0* is knovm to form complex com- 
pounds with many acids * (notably 11,504, HtPO*. H,As04, etc.) ; these 
compounds are highly soluble in water and hygroscopic. This, at least 
in part, most likely accounts for the instability of rheopectic V,0, sols 
containing H,S04. 

Other electrolytes than acids, for instance LiCl, seem to behave in a 
more simple fashion as to the inffucnce of the time / (c/. Table III.). This 
is probably due to the fact that presumably no chemi<^ change takes place. 
But with LiCl, also, the rheopectic mixtures are not indefinitely stable ; 
they coagulate in the course of one or two months. 

III. 

Previous attempts to use other electrolytes than acids for preparing 
rheopectic V,0, sols had failed. This was somewhat surprising. For it 
is known that thixotropic VjO, sols can l>e produced with various electro- 
lytes, e,g., LiBr, NaCl, KCl, etc.* Here we have obviously another point 
of difference between thixotropy and rheopexy which needs explanation. 

Now it is also known that KCl is not specially suitable for making 
stable thixotropic V,0, sols • ; the proper range of electrolyte concentra- 
tion is very narrow indeed and thixotropic sols prepared with KCl are 
coagulated in the majority of cases after 2 or 3 sol-gel transformations. 
Li-salts are definitely better : the range of electrolyte concentrations is 
broader, the thixotropic changes occur at higher electrolyte concentrations 
and generally need a longer time. The experiments, mentioned above, 
show that Li salts obviously favour both rheopectic and thixotropic 
solidification. 

To find Li salts behaving in the same way as acids in acting upon 
a negative sol is extraordinary for, with most negative sols, the behaviour 
of Li salts is opposite to that of acids : Li .salts being weaker coagulants 
than monovalent 

cations such as TABLK — C cjagulation Values. 

K*. NH% ion. etc., 
whereas H* ion is 
generally a much 
stronger coagulant 
than these cations ’ 

It has, however so 
far not been reali.scd 
that VjO, sols be- 
long to those very 
few cases where 
acids are very' weak 
coagulants.* The 
other well-known 
case of this kind is 
Od^'s sulphur sol.* 
w^hich always con- 
tains pentathionic 
acid.** The table 
of coagulation values (Table IV.) proves the truth of this assertion : 
the acids have indeed up to 10 times larger coagulation values than the 
K salts, and the Li salts still about 5 times higher ones. 

* C/. for instance, H. Gmelin, 3, II., 1908, p, 109 et ; Ephraim, 

0 / Inorganu London, I934» P* 434 ^ 

* Kahineison, KoUoid-Z., I934* 3®3* 

^ C/. for instance, Freundlich, CoUoid and Capillary Cksmistry^ p. -^20. 

*Ostermann {Wissemsekaft m. ladaslru, 1922, f* 17) has investigatad the 
coagulation of sob by HCl ; he did not determine coagulation values, but 
was mainly interested in the uitramiaoscopic behaviour of the process. 

* Od 4 n, N<nf, ad. rrj. soe. sci$nl. Upsal.^, 1913* Ser. IV., 3, m. 4, 

** JFmmdlich and Schoht, Kolhidekem. 1922, 234, 




H./\s04 3 
CHjCOOH 


Sol A. 


SolB. 


LiCI 

IfK) 

U,SO^ 2 

120 

KCl 

; 2' 

K,SO, 2 


UNH^,S04 2 

1 2 <# 

HXO, 

1 2S 

HCIO4 

27 

H,SO, 2 

44 

H.I'O* 3 

i 400 


Sole. 


; lOO 120 

I 120 120 

; 7*0 2»i 

I 12 8 

very similar to K^SOi 
< 29 29 

; 28 28 

1 3 h{?) 27 

dissolution 33 

I no coagulation 
I dissolution 310 

‘ no coagulation 
no coagulation, strong dissolution 
1 no effect I 
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The experiments were carried out in the usual manner with a V, 0 , sol 
having a concentration of o*i6 per cent. 0*5 c.c. of the sol were added 
to 0*5 c.c. of the electrolyte solution and thoroughly mixed. After waiting 
for 2 hours observations were taken. The minimum values to cause 
turbidity are given in terms of the concentration of the electrolyte (m. Mols./ 
litre) present after addition of the sol ; the latter then contained o«o8 per 
cent. VgOft. The three sols do not differ much as to coagulation values. 
The chemical action of the acids, their ability to dissolve VjO*, is specially 
pronounced in sol B, which contains by far the smallest particles ; this 
was to be expected. 

It is interesting to compare the coagulating values of the electrolytes 
in Table IV. with their respective ability to produce rheopexy. No rheo- 
pexy could be obtained with KCl, K,S04. (NH4)|S04. They had a strongly 
coagulating effect and within a narrow range of concentration thixotropic 
sols could be produced, when working very carefully. .Acetic acid had 
no effect whatever upon sol A ; it probably does not behav^e as a typical 
electrolyte. The behaviour of the other acids is remarkable. Rheopexy 
could be obtained with mono- and div'alent acids, the suitable concentra- 
tions being the same as with H,S04. Samples made up with monobasic 
acids, however, appear to be less stable than those containing HjS04 : 
in some cases they w^ere found to coagulate irreversibly after a few' sol-gel 
transformations. As was mentioned above, the actions of acids is not 
merely due to coagulation; they also act chemically, di.ssolving V4O4 
and forming complex compounds. With tribasic acids the chemical action 
outAveighs any coagulating effect, so as to make it sometimes difficult 
to determine the latter at all. Li salts were specially suitable for preparing 
rheopectic sols. 


IV. 

It results from the preceding paragraph that only those electrolytes 
give rheopectic sols wTiich are weak coagulants. C)nc cannot replace 
them by strongly coagulating electrolytes using a correspondingly 
smaller concentration. This seems to show that it is a special property 
of the weakly coagulating electrolytes which makes them capable of 
producing rheopexy. The main point i.s perhaps that these electrolytes 
are able to coat the VjOj particles with a strongly hydrated layer. 
\\ ith Li* ion such an effect would l>e evident : it h certainly a strongly 
hydrated cation and is markedly adsorbed by the negatively charged 
V2O5 particles. Not quite so obvious is vhe behaviour of the acids. 
It may most likely be attributed to the foimation of complex compounds 
with VgOjj. The latter arc very soluble in water and hence may be 
considered as having a strong affinity to water. When these compounds 
are formed on the surface ol the particles, they pioducc there a highly 
hydrated layer. “ 

A V2O5 sol containing a .small amount of the complex compound 
formed with an acid would be very similar to an Odin sulphur sol, wheie 
a layer of the strongly hydrophilic pentathionic acid is adsorbed on the 
sulphur particles ; in their original state the latter would better be 
tailed hydrophobic. 

The experiments of this paper do not permit final conclusions as to 
the mechanism of rheopexy. The following arc perhaps probable : 
the special kind of movement used brings the fairly large, anisometric 
^ particles into a position, w^hcre the conditions of interaction arc 

A good way of preparing stable rheopectic V,Oa sols might be to add, 
from the very start, a solution of the complex compottnd of VgO, with a suitable 
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somewhat different than in the thixotropic sol, when it is left to itself. 
As was mentioned above, it has not been proved that the orientation 
of the particles parallel to each other, brought about by the gentle 
movement, is instrumental. It is quite possible that the particles 
may touch each other more ca.siiy and moie closely, when moved, and 
then form strings and a kind of network. One is dealing with the same 
difficulty as one encounters, when trying to explain thixotropy.^* In 
any event, in both cases a large amount of liquid may be interlocked 
and a solid gel is formed. 

If, however, the particles are not coated with a hydrated layer, the 
repelling forces are not sufficiently strong to keep them apart : the 
movement used may favour a mechanical coagulation,^* not a rheo- 
pectic gel formation. This is what probably happens with salt.s such 
as KCI, etc., whereas with Li salts and acids the hydrated layer prevents 
true coagulation and allows a iheopectie behaviour. Thus rheopexy 
appears to be, to a certain extent, an intermediate state between a 
stable sol and a coagulation caused by stirring ; just as thixotropy may 
represent an intermediate state between a stable sol and a coagulation 
caused by electrolytes. There actually seems to exist a fairly close 
relation between rheopexy and mechanical coagulation. 

rile influence of hydrate<l layers upon rheopexy seems to show that 
one is not dealing with primary attracting foree< between the particles, 
even if it should turn out that a close toucli between the particles is the 
<lecisive factor, not oiientation. 

One influence, so far unnientioned, nui^l be reterred to, viz.^ that of 
the {-potential of the particles. In thixotropy it has to have an inter- 
mediate value between the higli value m stable sols and the low one, 
when coagulation occurs. Rheopexy ^eenis to be bound to an even 
narrower range of suitable {-potentiaN. 


Summary. 

1. KhtMipexy, I.C.. the sohdihcation of thix(>tn)pic sols by gentle and 
regular movement was investigated in \'jOi sols containing electrolj^tes. 
Frt'Sihly iirepared V\C), sols with amicninic partick*s were only thixotropic, 
not rheoj>ectic. Hut as s<K>n as large, nee<ile-shaiK‘d \ jOj particles had 
lieen fomie<i in the course of a long tune or by careful treatment at higher 
tem|X‘niturc, the sols l>ccame rheofHx tic. 

2. Not all electrolytes are smtabJe for producing rheoi>exy m these 
sols rheojrectic sols may U' made with Li salts an<l acids, not with K 
ami NH* salts, though the latter can prtxluce thixotropic VjOj sols. The 
special activity of Li salts and acids is probably due to the marked hydra- 
tion of the Li* ion, and to the fact that the acids can form strongly hydrated 
complex comjxjunds on the surface of the partick*s. 

3. Li salts and acids are w^eak coagulants for s<»ls. This is an 

anomalous behaviciur so far as acids arc concerned, since negative sols 
are generally coagulated more strongly by H* ion than by the other inor' 
game, monovalent cations. V jO* sol resembles in this respect Oden's 
sulphur st>l, 

4. Rheopexy is closely related to coagulation by stirring ; it may be 
considered to be an intermediate state between a stable sol and one 
coagulated by stirring, just as thixotropy may in many cases be assumed 

C/. for instance, Freundlich. Tkixotfopw Pahs, 1935. pp. lo-ii. 

C/. Freundlich and Kroch, Z. pkysik, Chem., 19^0, 124, 155 ; Freundlich 
and Loebmann, ibid,, i9id. 139* 30S ; kolhidchem, Beikeft, 1929, 28^ 391. 
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to be an intennediate state between a stable sol and one coagulated by 
electrolytes. 
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THE OXIDATION OF CARBON. 


By J. D. Lambert. 
Received 2 nd December, 1935. 


[Communicated by C. N. Hinshelwood.) 


It is well known that oxygen can undergo chemisorption on the surface 
of carbon to give some form of surface oxide layer. Schilow^ and 
Kolthoff * have demonstrated the existence of different specific oxide 
complexes on the carbon surface, which arc formed under definite con- 
ditions and show acidic or basic properties. Such surface oxides will 
clearly play some part in the oxidation process of carbon. 

In order to investigate the kinetics of the primary oxidation process 
it is necessary to eliminate the effect of the rate of diffusion of gas to 
and from the surface. This may be done either by working with a small 
filament at temperatures of 800® to 1200® C. and at very low pressure, 
or with a large surface (granules) at normal pressures and at relatively 
low temperatures where the very slow' surface reaction is the controlling 
factor. The experimental results which have been obtained by both 
methods are very varied, but may be divided into two main groups : 
on the one hand Langmuir * working with filaments at 950^ C. found a 
formation of pure carbon dioxide by impact of oxygen molecules on the 
clean carbon surface — the process ^ing retarded by formation of oxide 
layer : on the other hand Langmuir, working at higher temperatures, 
Sihvonen,^ Eucken,* and Meyer, •» ^ wrorking with filaments over a wridc 
temperature range, and Rhead and Wheelei,® working with charcoal 
granul^ at temperatures in the neighbourhood of 500® C. found primary 
formation of both carbon dioxide and carbon monoxide by various different 
mechanisms involving the breakdown of surface oxide complexes. The 


' Schilow, Z, physih, Chem., iq\Q. 140. 211. 
! Kolthoff, J.A.C.S ,932, 54. 4473 
•Langmuir, /.44.C.S., 1915, 37, 1154. 
•Sihvonen, Z. Elehirochem., 19^4. 40. 

Acad. Scient. Fenn. 


456, and many earlier papen in Annal, 


* Eucken, Z. angew. Chem., 1930, 43, 986. 

•Meyer, Z. pkysik. Chem., 1932, 17B, 385. 

Maitin and Meyer, Z. Elecirockcm.^ i935» 41 • 14 1. 

• Rhead and Wheeler, J.C.S., 1912, ioi« 846. 
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wide divergence between the results of different experimenters must be 
due either to difference in experimental conditions, or to difference in 
the nature of the carbon surface used. We have attempted to correlate 
different types of mechanism by investigating the oxidation of several 
different kinds of carbon under standard experimental conditions. 


Experimental Method. 


The experimental method was to pass mixturcfs of oxygen and nitrogen 
at .steady and accurately measured rates over a granular carbon packed 
in a silica tube, which was heated in an electric furnace, and to collect 
and analyse a .sample of the gas coming off when a steady state was reached, 
rhe Icnirih of time for which the gas is in contact with the carbon was 
inversely proportional to the rate of flow and by measuring the percentage 
reaction at different ffow-rates it was pc^ssible to obtain a curve .showing 
the course of the reaction with time. The exj)eriments were all con- 
ducted at atmfwpheric pressure, but the initial oxygen concentration 
could be varied by altering the projx>rtion?> of oxygen and nitrogen in 
the mixture. 


The apparatus is shown in Fig. ifuK Oxygen and nitrogen were ob- 
tained from cylinders 6tte<l with reducing valves and the flow-rates could 


Ik* accurately ad- 
justed and mea- 
.sunsi by adjustable 
blow' -off bubblers 
“ .V '* and venturi 
flow - meters H ' 
The cylinder gases 
used were analysixi 
from time to time 
and were always 
found to be at least 
00 5 cent, jmre. 
The percentage 
comptis it ions of 
mixtures of tixygen 
and nitrtigen calcu- 
lated from flow- 
meter readings 
agTfjetl with those 
obtained by check 



analyses writhin 0*5 

per cent. The carbon was amtained in a silica tube. Fig. 1(6) specially 
designed to ensure a steady flow' of preheated gas through the granule. 
The temperature was measured by a thermocouple inside the carbon 
bed and contnfllcd to within ± 1^ C. by hand adjustment or (in the 


later stages of the work) by a Cooke and Swallow^ automatic regulator. 
The reaction was not sufficiently rapid for the temperature to be 


affected by the heat developed in the combustion. Gas samples of 
20 C.C. were collected over mercury in a collector showm in Fig. i(c) 


which allowed the sample to be taken at constant pressure without 
appreciably disturbing the flow-rate. The gas analyses were made in 
an apparatus designed by B, Lambert (description riot yet published). 
Approximately 20 c.c. of carbon granules were used in each set of ex- 
periments and the gas was passed at flow'-rates varying between 2 c.c. 
per minute and 10 c.c. per minute. The attainment of a “ steady state ** 
after the setting of temperature and flow-rate was checked by taking 
*mmples at intervals of half an hour and analt^ing for carbon dioxide 
—agreement between the percenta^^ of CQ< obtained by analysis of 

16 • 
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two successive samples to within 0*5 per cent, being regarded as a suf^ 
ficient criterion. The steady state " was usually reached after about 
two hours : the accuracy of the experimental results was ensured either 
by analysing two successive samples as above, or by allowing at least 
three hours betw^een setting and sampling. It was thus possible to 
obtain three or four readings in one day's '*run." The error due to 
burning aw-ay of the carbon surface during this time %vas checked for each 
type of carbon by occasionally repeating the initial reading at the end of 
the day ; the percentage reaction usually show^ed a steady decrease of 
2 per cent, or less. A complete series of readings to demonstrate some 
particular point — course of reaction, oxygen concentration effect, or 
temperature coefficient — was always taken on a single day so as to 
eliminate as far as possible errors due to alteration in the carbon surface. 


Experimental Results. 

Four kinds of carbon were used : steam-activated coconut charcoal 
granules, steam -activated anthracite granules, granules of pure graphite, 

and diamond 

Coconut Chorcoat Ctrophitt^ 

. Iimp4if n fhm mkb^cc ptf 




I 


T- 






1 1 

V 




tureen tage Reaction 
Otomcnot 
43t*C fhm rate 4 SJee 

1 permiri 



{mm. 



dust. The coco- 
nut charcoal 
and anthracite 
were clean, hard 
granules and st) 
graded that dif- 
ferent samples 
gave results 
which were al- 
most quantita- 
tively identical. 
The graphite 
granules were 
cut by hand 
from a lump of 
pure natural 
('ey Ion gra- 
phite. The 
diamond dust 
was obtained commercially fand ten grams 
were spread on c*'‘an asbestos wool .so as to 
occupy a convenient volume. Each sample 
of carbon was heated to 1000^ C. in a current 
of nitrogen for several hours before use so as 
to remove moisture. The term percentage 
reaction ** is used to indicate the percentile of 
the oxygen present in the initial gas mixture 
which has been converted to carbon dioxide or 
carbon monoxide. The temper atuxe range of 
each set of experiments is arbitrarily deter- 

the rate of 


tkreentafe Reaction 


mined by the relation between the 1 
^ reaction and the available rates of flow . 


Fig. 2. — Effect of Initial 

Oxygen Concentration. Coconut Charcoal burnt in the neigh- 

Ixmrhoocl of 250'' C. giving carbon dioxide 
with a trace of carbon monoxide. 

The Course of Reaction is shown by Table I. and approximates closely 
to first order. 

The Effect of Initial Oxygen Concentration is shown in Fig. 2. For 
a true first order reaction the percentage reaction in a given time is inde- 
pendent of the initial oxygen concentration. This is clearly not so in the 
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Type of Carbon, etc. 

' 

Flow Rate « x/t. 

Percentage 

Reaction. 

Pint Order 
Reaction Const. 

Coconut Charcoal 

c.c./inin. 

8'93 

23*5 

2*39 

Temp. 267® C 

6*o6 

33*0 

2*43 

initial O, concn. 43-8 per cent. 

3-37 

51*4 

2-43 

Graphite 

8-93 

17*0 

1-66 

Temp. 440^ C. . 

3‘33 

4I'2 

1*77 

Initial 0, concn. 44*1 per cent. 

2*0 

583 

1*75 

Diamond ..... 

8«o6 

17-0 

1*50 

Temp. 481" C. .... 

3*33 

37*8 

1*58 

Initial 0, concn. 40 per cent. 

2-0 

53*5 

1*49 


TABLE n. — Retardation by Carbon Dioxide. 


Type of Carbon, etc. 

Initial Of 

Initial Ka 

Initial COa 

Percentage 

Perccntagr. 

Percentage. 

Percentage. 

Reaction. 

Coconut Charcoal 

40 

0 

60 

28*2 

Temp. 277“ C . 

40 

60 

0 

35*0 

Flow-rate, (co c.c. {>t*r min. . 


20 

0 

24-0 

Graphite .... 

50 

0 

50 

/25 s 

\28 *o 

Temp, 450 C. 
i*1ow-r«ite 5 0 c.c. per min. 

50 

50 

0 

32 0 

Diamond ... 

100 

0 

0 

8-3 





r 7-8 

Temp. 474 i:. 

50 

0 

50 

J 9-2 





1 II-O 

Mow-rate 4 8 c.c per min. 

50 

50 1 

0 

21-4 



present and the deviations are such as would be accounted for by 
suf^posing either that the reaction is of less than hrst order with respect 
to oxygen-^or that it is retarded by carbon dioxide. 
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The effect of carbon dioxide v*as investigated by comparing the per- 
centage reaction given by oxygen diluted by nitrogen with that given by 
oxygen diluted by the same percentage of carbon dioxide under identical 
conditions. The results of a series designed to show both the retardation 
by carbon dioxide and the effect of initial oxygen concentration (see 
discussion later) are shown in Table II. It was very difficult to obtain 
steady values with carbon dioxide as diluent and the results are not 
quantitatively reproducible, but there is clearly a small retardation by 
carbon dioxide. 

The Effect of Temperature is shown in Fig. 3. Values of the reaction 
constant k were calculated on the assumption that the reaction follow.s 
a first order course and log k was plotted against the reciprocal of the 
absolute temperature. The points fell closely on a straight line of slope 
corresponding to an Energy of Activation of 29,000 Cal. The close agree- 
ment with Arrhenius' Law' and the high value of E indicate that the 
e.xperimental results are real measurements of a true chemical reaction 
and are not influenced by accidents of flow and diffusion. 

Graphite and Diamond both bum to pure carbon dioxide in the 
neighbourhood of 400® C. and 500° C. rcjspectively. The kinetics are sim- 
ilar to those obtained wdth coconut charcoal. The experimental results 
are shown in Figs 2 and 3 and Tables 1 . and II. 


Discussion of the Kinetics of the Oxidation of Coconut 
Charcoal « Graphite and Diamond. 

These three reactions are very similar and all show' the same apparent 
discrepancy between an accurately first order course of reaction and 
an effect of initial oxygen concentration w'hich tends strongly to zero 
order. It is possible to develop a quantitative theor>" which will account 
for this on the basis of Langmuir’s idea * of a direct formation of carbon 
dioxide, the reaction being retarded by the simultaneous formation of 
a stable surface oxide layei. We must assume iw addition that a 
similar retarding layer i.s also formed by carbon dioxide. If it be further 
assumed that carbon dioxide formed in ike reaction is retained by the 
surface and held approximately as firmly as the oxygen in the retarding 
film w’e may obtain for the rate of reaction 

d(CO,l _ *[0,] 

dt ~ I + b{[0,] + [CO,]} ■ • • 

Since 0, -f C COj the factor {(O,) -f [CO,]} is equal to the initial 
oxygen concentration and constant throughout the course of the reaction, 
which will obey a first order expression ; 


d[CO,] 

dt 



*'{ 0 , 1 . 


When the initial oxygen concentration is varied, if “ a ’’ be the initial 
oxygen concentration and “ x ” the amount which has reacted at time 
“ t," we may write 



This integrates to give 
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This contains two unknown constants “ k ” and “ b ” and may be tested 
by solving for “ b ** and k ’* from two experimental settings and using 
these values to calculate for a third oxygen concentration a theoretical 
value of “ X ” which may be compared with the experimental result. 
The agreement obtained is satisfactoiy as shown in Table III. 


TABLE HI. — The Experimental Values taken are those shown in Fk;. 2. 


ivpr of Oirtion. 

i 

; VatufH uMSfl to 

' 

A.” 

luitial Ot 
G>nc«ntra- 

Percentage Reaction. 

aiKl 


tion to be 
Tested. 

Calculated. 

Observed. 

CkMronut Charcoal . 

i 40 

1 100 

3«*7 

i«‘6 

0*027 

3*vH4 

(»o 

-’.V3 

*23*^5 

Graphite 

i 100 

! 

14.5 

0*064 

5**J« 

: I 

21*4 

21 S 

Olamond 

’ 100 

1 

^3-5 

35*5 

I 0*012 

3*01 i 

1 

1 1 

I -26* I i 

205 

1 


Tlie lissuniption that carbon dioxide formed in the reaction is adsorbed 
with about the same firmness as oxygen would hardly be expected to 
apply to carbon dioxide julded externally. The experimentally obser\*ed 
retardation by carbon dioxide (Table 11.) is indefinite and much less than 
that demanded by equation (i), which would predict the percentage 
reaction for any mixture of oxygen and carbon dioxide to be the same 
that for pure oxygen. In the case of diamond, which being more 
homogeneous might be expected to show simpler adsorption character- 
i.stiis than charcoal or graphite, there is some approximation to the 
theoretically predicted retardation. 

Molecular Statistics of the Reaction. 

The actual rate of a heterogeneous gas reaction at a given tem- 
perature is determined by the number of gas molecules striking the 
surface in unit time and by the activation energ\\ It may be shown from 
the kinetic theorv^ that : 

3U.4 “ ^ 

Where *■ * " is the fraction of molecules which react when a gas streams 
at velocity v cm. /sec. over a surface of area A sq. cm. This equation 
cannot be applied quantitatively to our results in default of any accurate 
knowledge of the surface areas used, but a qualitative test of the validity 
of the energies of activation obtained may be made by calculating A 
from the observed values of E and x and observing whether the results 
are plausible. An abnormally large value of A will indicate that the 
reaction takes place much faster than would be expected from its energy 
of activation — and vice versa. The results of the calculation are shown 
in Table IV. 

It is clear that for graphite and diamond the calculated values of A 
are absurdly high, showing that the reaction takes place much faster 
than its energy of activation should permit. It is inconceivable that 
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TABLE IV. 


Tsrpe of Carbon. 

£. 

A (Calculated). 

A (Measured in Other Ways). 

Coconut Charcoal . 

29,000 Cal. 

1*6 X lo* cm.* 

Rough values given in 
the literature-— calculated 
from adsorption data. 

I’S X lo* cm.* 

1*46 X 10’ cm.* 

Anthracite 

31.000 Cal. 

5*4 X 10* cm.* 

Adsorptive capacity for 
vapours J that of coconut 
charcoal. 

Graphite 

1 49,000 Cal. 

9*15 X lo* cm.* 

External surface of gran- 
ules estimated from aver- 
age granular size. 

2*7 X 10* cm.* 

Diamond 

44.000 Cal. 

9*0 •• lo* cm.* 



the surface area of graphite granules, or even of diamond powder should 
be larger than that of highly active charcoal and the effect can only be 
explained if it be supposed that E is not the true energy of activation 
in these two cases, but contains other terms which give the reaction an 
abnormally high temperature coefficient. There are tw'o possibilities : 

(i) A retarding layer begins to evaporate off the surface at higher 
temperatures but is stable at the lower temperatures of the coconut 
charcoal oxidation. (It is interesting to note that the “ Oxide C ” de- 
scribed by Schilow begins to be thermally unstable at temperatures above 
400^ C.). 

(ii) The available surface increases at higher temperatures owing to 
the opening up of cracks. 

Calculation of an energy of activation for the graphite oxidation by 
equation (2) from the measured surface area of the graphite granules, 
which is probably of the right order, gives a value of 27.000 Cal. {cf. 
E = 29,000 Cal. for coconut charcoal). This suggests that the two 
oxidation processes are essentially the same in both kinetics and energy 
but that the temperature coefficient for the oxidation of graphite is 
modified by the type of effect described. 

Experimental Results with Anthracite. 

The anthracite granules burnt at alx)ut 400*^ C. to give a mixture of 
carbon dioxide and carbon monoxide. In the tables below percentage 
reaction to carbon monoxide " ls the percentage of oxygen converted to 
carbon monoxide, which is equal to half the carbon monoxide formed, 
since O, C 2CO (a correction is applied for the volume increase). 

The Course of Reaction is shown in Fig. 4. 

The total reaction gives a first order curve, but the proportion of carbon 
dioxide to carbon monoxide increases rapidly with time. 

The Effect of Initial Oxygen Concentration is shown in Fig. 5. This 
shows a very close approximation to the theoretical behaviour of a first 
order reaction and the CO, : CO ratio is independent of the initial oxygen 
concentration. 

The Effect of Temperature is shown in Fig. 3. Values of h were cal- 
culated for the total percentage reaction, assuming a first order course, 
and log h plotted against the reciprocal of g^ve a very straight line 
corresponding to E n 31,000 Cal. 
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In order to test whether carbon monoxide is a primary product a 
mixture of carbon dioxide and nitrogen was passed over the anthracite 
at 385® C. No trace of carbon monoxide could be detected in the product. 

This is to be expected since even at 500® C. k — reaction 

Afilhfocitt \nn-tT9QUd Chrrcocl 



i i<4 ^ C'iHirst of UtMction with Tinu'. 


COj • C .'('O is ♦ It would appear that the primary process 

is a reaction (d hrst order with resi>ect to oxygen giving a mixture of carbon 
dioxide and carbon mi»noxicle. or possibly pure carlx)n monoxide ; and 
that the increase in the ratio CU, : ('O with time is due to the reaction 


Amtkracite Imn-tnoted Chorccaf 



Fki. 5. —Effect of Initial Oxygen Concentration* 


iCO C + CO, which is thermodynamically favoured at this temperature 
and which has been shovm by Rhead and W^ieeler to occur fairly rapi<% 
under these conditions. (The eflfect cannot be due to further oxiduiUm 

* Jdilinek and Diethelm, Z. anor$. Ckem., 1921, ta4» 203, 
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of CO to CO, as this would mask the simple first order course of the total 
reaction — and furthermore as the CO, : CO ratio is independent of the 
initial oxygen concentration — see Figs. 4 and 5,) 

Experiments on Artificially Treated Charcoals. 

It has been shown that graphite and diamond, the purest forms of 
carbon used, give pure carbon dioxide on oxidation at temperatures of 
440° to 480° C, ; while anthracite, which is certainly impure, gives a 
mixture of carbon dioxide and carbon monoxide at 300® C. This suggests 
that the primary production of carbon monoxide may lx? due to the 
presence of some special form of impurity on the carbon surface. Coconut 
charcoal, w'hich is oxidised at 250® C. to give carbon dioxide with a trace 
of carbon monoxide and shows the same kinetics as graphite and diamond 
can be regarded as containing only a trace of this impurity. It is note- 
worthy that the anthracite, whose energy of activation (31,000 CaI.) is 
only slightly higher than that of coconut charcoal {29,000 CaL) ; and 
which probably has a similar surface area, oxidises under experimental 
conditions at a very much higher temperature. It would appear from this 
that only a portion of the surface is effective. Furthermore while the 
kinetics of the oxidation of coconut charcoal, graphite and diamond 
involve a very marked retardation by increased oxygen concentration 
(Fig. 2), this is almost absent in the anthracite (Fig. 5), Wc can account 
for this by supposing that in anthracite the simple, direct formation of 
carbon dioxide found in the other three cases is practically suppressed 
by the blocking of tho.se portions of the surface where this is po-ssible. 
Instead there is a slower reaction in which both carbon dioxide and carl>on 
monoxide are produced by a different mechanism which probably involves 
the breakdown of a surface oxide complex. This latter process would 
appear to be catalysed in the anthracite and not merely occasioned l»v the 
raising of the reaction temperature, as coconut charcoal still gives only 
a trace of carbon monoxide when oxidised at 400 (.'. The anthracite 
therefore differs from the other forms of carbon in that those |X)rtions of 
the surface where direct formation of pure carlxin dioxide can take place 
are blocked, whilst the primary formation of carbon monoxide and car lx >11 
dioxide by a different type of process is catalysed. 

Attempts were made to treat the coconut charcoal with a substance 
which would exert this combined poisoning and prmnoting effect to give 
an artificial product reproducing the behaviour of mithracite. The pre.Hence 
of moisture, which has been supposed by some workers to have a profountl 
effect on the interaction of cartvm and oxygen, merely retarded the forma- 
tion of carbon dioxide (presumably by blocking a portion of the carlx^ri 
surface) without altering either the energy of activation of tlie reaction 
or the proportion of carbon monoxide harmed. Sodium and Potassium 
Carbonate.s (although well known for their influence on the burning of 
charcoals in general) w-ere similarly ineffective under these conditions. 
The anthracite w^as known to contain iron, and it was found that after 
treating a sample of cwmut charcoal (which normally burnt at 250® C. 
under experimental conditions to give carbon dioxide with a trace of 
carbon monoxide) by cleaning out at rooo® C. in a nitrogen .stream, 
boiling in ferric chloride solution, and heating in nitrogen again to remo\Hj 
water, hydrochloric acid, and excess ferric chloride, oxidation at a rate 
comparable with the original took place only at 400® C., to give a mixture 
of carbon dioxide and carbon monoxide. The kinetics were investigated 
and found to be very similar to the kinetics for the oxidation of anthracite 
The Course of Reaction is shown by Fig. 4. The rate falls off with time 
slightly more rapidly thm for a first order reaction. The ratio of carbon 
dioxide to carbon monoxide increases with time as in the case of anthracite* 
The Effect of Initial Oxygen Concentration is shown in Fig. 5 and 
corresponds accurately to a first order reaction — as with anthracite. 
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The Effect of Temperature is shown in Fig. 3 lo^ k plotted against the 
reciprocal of the absolute temperature gives a straight line corresponding 
to E — 30,400 Cal. {cf, E for anthracite 31,000 Cal.). 

The behaviour of two different iron-treated samples of coconut charcr)al 
w'as very carefully investigated and both showed the same close resem- 
blance to anthracite. The effect only occurs when a charcoal sample 
which has been ** cleaned " by healing to 1000® C. in nitrogen is treated 
with ferric chloride solution. If an uncleaned sample is so treated the 
oxidation is considerably retarded (the sample burnt under experimental 
conditions at 350® C.) hut no appreciable amount of carbon monoxide is 
formed. It would appear that the '' promotion depends on intimate 
adsorption of iron on the most active points of the charcoal surface. 

Discussion. 

General consideration of the literaure shows that tw’^o distinct types 
of process are possible in th(‘ oxidation of carbon (see introduction to 
this paper). 

(1) Direct formation of carbon dioxide by impact of oxygen mole- 
cules on the clean carbon surface, a process which is retarded by the 
pre.sence of surface oxide layer. 

(2) The primary formation of both carbon dioxide and carbon 
monoxide by mechanisms involving the breakdown of surface oxide layer 
either .spontaneously, or by impact of oxygen molecules from the gas. 

Unde! our experimental conditions pure carbon (whether graphite 
or diamond) shows exclusively proc^s^ (i). Procc.ss (2) only occurs in 
the pre.sence of iron (other catalysts may of course have a similar effect) 
which also poisons the .‘-urface for pioccss (1). The action of the cataly.st 
is possibly to decrease the stability of the surface oxide so that it breaks 
down under the impart of oxygen molecules from the gas to give a mixture 
of carbon dioxide and carbon monoxide at a rate proportional to the 
oxygen concentration. A similar decrease in stability may well occur 
at higher temperatures without the piesence of a catalyst. If this is 
>0, proces.'i (2^ will o{)erate on f?ufc carbon at higher temperature.s as was 
demonstiated by Langmuir ^ who tound that on a pure carbon filament 
at 950"^ (\ proce>s (i) occurs exclusively whilst at temperatures above 
1430® C. procos (2) begins to operate. We cannot at the present stage 
in our investigations ^^uggest a detailed mechanism for process (2) m 
default of information as to the proportion.s in which carbon di ^xide 
and carbon monoxide arc primarily formed. In view of the diversity 
of surface oxides which can exist ^ it may be that several different 
mechanisms are possible under varying conditions. 


Summary. 

Two distinct ty|>es of process apjx^ar to be possible in the oxidation 
of carbon : 

(1) Direct formation of carbon dioxide by impact of oxygen molecules 

on a clean carbon surface. 

(2) Primary formation of both carbon dioxide and carbon monoxide 

by the breakdown of surface oxide complexes. 

The kinetics of the oxidation of several kinds of carbon have been in* 
veatigated in the temperature range C. by a dynamic method, 

with a view to correlating the different mechanisms. Pure graphite and 
diamond showed exclusively process (i). An activated coconut charcoal 
showed process (i) with a trace of process (2). Activated anthracite, 
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containing a considerable amount of iron showed exclusively process (2). 
Treatment of the coconut charcoal with ferric chloride under suitable 
conditions gave an artificial product whose behaviour on oxidation re- 
produced very closely that of the anthracite. These results are discussed 
in relation to the work of other authors. 

The author is very grateful to Mn C. N. Hinshelwood for his interest 
in the whole work ; to Dr. B. Lambert for advice on the experimental 
technique and for the loan of apparatus ; and to Mr. J. H. Strawson who 
performed some of the experiments. 

He is indebted to Imperial Chemical Industries (Alkali) Limited, for 
two silica combustion tubes. 
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STUDIES ON SOL -GEL TRANSFORMATIONS. II. 
DILATOMETRIC INVESTIGATIONS ON IRON 
HYDROXIDE, GELATIN, METHYL CELLU- 
LOSE, SILICIC ACID AND VISCOSE. 

By Erich Hkymann. 

Received 19/// Xovembe}\ 19^5. 

I. Introduction. 

It is still a matter of speculation as to the nature of the changes 
that occur in a colloidal system, when it is transformed from a sol into 
a gel (jelly), especially whether any changes in hydration of the colloidal 
particles occur during such a process. Some time ago a paper was pub- 
lished,' in which the “ inverse ” sol-gel transfonnation of methyl 
cellulose solutions, forming a reversible gel on heating, was dealt with. 
The change of the investigated phy.sical (viscosity, density) and chemical 
(lyotropic scries of ions) properties indicated that the gel formation was 
accompanied by a reversible decrease in hydration of the particles : 
the visco.sity, for instance, measured at constant temperature, at first 
decreased reversibly and show^ed the usual inca^ase due to gelation only 
after a time. This initial reversible viscosity decrease can be explained 
by a decrease in hydration, since no decrease in particle size takes place 
during this sol-gel tran.sformation. The volume, investigated in a sen- 
sitive dilatometer at constant temperature, increased during the sol-gel 
transformation. Since we have to assume that hydration water, bound 
by van der Waals’ forces to the particles, has a higher density than 
free water, this also suggests tliat the particles become less Iiydrated 
during the formation of a methyl cellulose gel. 

A comparison of sol-gel transformations of various types of systems 
in respect to the volume change shows that all possible types can be 
realised experimentally : systems with no volume change (iron hydrox- 
ide), systems which show' a decrease in volume (agar, gelatin), and sys- 
tems which show an increase in volume (methyl cellulose, silicic acid). 

' E. Heymann, Trans, Faraday Soc., 1935, ^4^* 
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An attempt is made to derive from these experimental facts some in- 
formation about the structural changes which occur during the various 
sol-gel transformations. 

The total volume contraction, vrhich occurs when a hydrophilic 
colloid is dissolved in a liquid with the formation of a sol or a gel has 
been determined many times, e.g., by H. Quincke,* ** (egg albumin), H. 
Rodewald • (starch), C. Davis and E Oakes,* H. Chick and C. H. 
Martin * (proteins), J. R. Katz • (casein, nuclein, starch), A. Taffel ^ 
(gelatin), The Svedberg* (gelatin), W. J. Mardles* (organosols), and 
H. A, Neville and E. R. Theis (gelatin). The very small volume 
changes, however, which occur when a sol is transformed into a gel, 
have only been measured by W. J. Mardles (acetyl cellulose), by K. 
Krishnamurti (agar), and by the author.^ 

The v'olumc change measurements of sol-gel transformations require 
a much more sensitive dilatometric technique than the determination 
of the total volume change during the dissolution of a colloid. A 
sensitive mercury dilatometer for this purpose is described in the next 
paragraph. The systems tor investigations must show a hysteresis, 
which allows observations on the transformation to be made over a 
period of hours or days, in or !er that the time taken for the dilato- 
meter to ac<|uire the temperature of the thermo- 
stat can be neglected. 

II. Volume Changes during Sol-gel Trans- 
formations. 

(a) Experimental. 

A .vmsitive dilatometer has already been de- 
SK:ribed.* Its main advantage conshsts in the fact 
that the sol is only in part I., whereas the whoU* 
of part II., including the capillary (Ifi is filled with 
mercury (Fig i), V'aciium grease was used for 
coating the tap (c) and the key pressed in by a taut 
rubber l>and. Thi.s method provetl to be very 
satisfact«ir\'. With practice leakage through the tap 
never iKCurreti. The measurements were carried J 
out in an electrically heated water-thermostat, the 
tcm|)erature of which had a maximum variation of 
0*003 0-004*^. The volume of the sol was about 

80 c.c . the radius of the capillary <^> 23 mm. ; thus 
a length of i cm, in the capillary corresponded to 
a volume change of 0*001 0 c.c. Consetpiently the 
smallest volume change, which could be detected 
with certainty (corresponding to a change of meniscus of 01 cm.) was 
0-0002 %, As the volume changes usually measured in the investigated 
systems were between 0*002 and 0*01 % of the total volume (corresponding 
to a change of height of meniscus from o*6 to 7*5 cm.) the accuracy of a 

• H. Quincke. Pflfiigrrs Archiv., 1870. 3, 332. 

• H. &)dewald, Z, pkysik. Ckem., iS 97 » 

* C. Davis and E. Oakes. /. Atmr. Ckem. Soc., 1922, 44, 464. 

* H. Chick and C. H. Martin, /, biol, Chem,, 1923. 7, 34. 

* J. R. Kata, Kaii. 1917. 9, 30, 

’ A. TaHeh Trams. Ckem. *ai. 197^ 

•Th 4 . Svedberg, /. Amor. Cham, ^oc., 1924. 46, 2(172. 

• W. J. Mardles, Trans* Faraday Soc,, 1923, l8, 365; KoUoid Z., 1929, 49, 4. 

H. A. Neville and E. R, Theis, Coll. Symp. Afanogr,, 1930, 7, 41. 

** K. i 6 fshiiafnurti. Currant Scienca, 2934* 35 - 
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determination of change in volume was about 1-5 to 12 %, according to 
the magnitude of the volume change measured. 

In many systems, however, the changes in volume are larger than 
0*01 %. In these cases ordinary dilatometers without mercury were 
used. The dimensions varied according to the magnitude of the effect. 
The capillaries had radii l^etween 0*16 and 0*35 mm., w^hereas the volume 
was usually between 30 and 70 c.c. In all these cases, however, a layer 
of paraihn oil was put above the sol and in the capillary, since it was 
necessary to prevent the solidifying sol entering the capillary. The 
ordinei^ dilatometers were used for investigating the sol-gel transformations 
of silicic acid and the maturing of viscose, whereas the sensitive mercury 
dilatometer was used for methyl cellulose, gelatin and iron hydroxide. 

In all experiments it was ensured that the temperature equilibrium 
between the dilatometer and the thermostat had been reached l>efore the 
first reading was taken. Moreover, precautions w'cre taken to avoid tfie 
formation of air bubbles. 


(b) Reversible Sol -gel Transformations. 


One dilatometric experiment on methyl cellulose (containing 35 -.4 
methoxyl) has already been described.® Thus only the results of the 
continued experiments will be here de.scribed. In series I. the srdutions 
were aged at 35*7^ where the sol is transformed into a ver>^ soft gel over a 
period of tw'o days. In series If. the volume of the sol was measured tn th<‘ 
dilatometer at 34-5°, then the dilatometer was transferred into a bath at 55'^ 
for half an hour, w’hen the gel w'as rapidly formed, afterwards the volume 
of the gel was measured at the .same temperature at w'hich the volume of 
the sol had been measured, namely, 34*5''. The difference in v<>lume 
^tw’ecn the sol and the gel, obtained in this way was usually larger than 
in the case of method I. ; the reason is that with method II. a stifter gel 
is obtained than with method I . 

The concentration of methyl cellulose w'as 1*62 containing 

o-i mol. K,S04 in order to lower the tran.sformation temperature for 
experimental convenience. 


It can be seen from the results, given in Table 1 . 

TABLE I. — Volume : «o c.c. ; Kaoius of the Capillary 
0 23 rnm. 


Vohifnr 
Cbaimrmr.c. 
Pw 100 g. 

Methyl 

Celluiote. 


'T 


o*oS 


that the formation 
of a methyl cellu- 
lose gel from the 
sol is accompanied 
by a volume in- 
crea.se of o*o8 to 
0*13 c.c. per roo g. 
solid methyl cellu- 
lose. 

Several series 
of experiments 
were carried out 
with gelatin solu- 
tions and the 
volume change 
was measured in 
relation to the 
concentration of 

171 .4 1 ^ gelatin and to 

the Pff, Electrodialysed gelatin was used. In this system the volume 
decrees dunng the sol-gel transformation. The experiments were 
cOTied out ^ The solution was filled into the dilatometer, then 

h^ted to al^ut 30 to be sure that the whole mass was liquid and then 
placed m the tbermost^ at a temperature of 22•5^ where the gel forma- 
^n ^cu^ed slowly. The main volume decrease took place within the 
first few hours ; but after the sol had set to a gel the volume debase 


Method. 

Diffeicnre in 
Meniscus in cm. 

! Obsent’ed Volume Chani^e. 


i (In c.c.J. 

j (Per Cent). 


I. 

0 0 

— u 

1 ' — — 

t 0 00096 

-f 0 0012 

II. 

I 00 I 

o HS 0*98 

I'OO I 

0-98^ 

-r 0*001 0 

0*0020 


+ 013 
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continued for some time. After two days the volume did not change 
further to any appreciable extent. If the dilatometer with the gel was 
again heated and replaced in the thermostat the same curve for the 
volume decrease was obtained. This could be repeated at will. 

In Fig, 2 the curves (a and 6) of two experiments show that the repro- 
ducibUity of the results is fairly good. Curve c was obtained, after the 
dilatometer was placed in ice water, when a stiff gel is formed, and then 
replaced in the 
thermostat at 
22-5®, It shows 
that the equili- 
brium volume 
of the gel, ob- 
tained in this 
is only 
.slightly 
the vol- 
reached 
the sol 
trans- 
into a 
gel at 22-5® in 
two days ; thus 
further, ap- 
preciable vol- 
ume change 
can lx*cxiH‘ct^ 
after this 
period. 


way, 

very 

below 

limes 

when 

was 

formed 


I- 


'|aj| 



T/me m hours. 


4 


tz 

llG. 2. 




20 M 


2 $ 


Since the first reading has to Ik* taken after the dilatometer has remained 
in the thermostat for half an hour, the first stages of the transformation 
cannot be observed an<l, therefore, the actual volume change may be some- 
what larger than the measured one. l^roni Table II, it can be seen that 
the volume decrease is proportional tt) the concentration. Furthermore 
It i,s independent of the pu within the limits from yS to 8-8. The volume 
decrease per loo g. gelatin is — 0*05 to o oo c.c' 


TABLK II. 


Solutk,>n. 

OiffcTtRocc in 

(in cm,). 

Volume oi 
the 

Vnlutzie Change. 

Volum« Uumge 

SoKiliou 

(in C.C.). 

(In c.c,). 

(Per Cent.) 

. 

(mc.c. per too 
g. Gelatin). 

1 . 4*2 f>er tent 

1*30 

So 

— 0-0021 

- 0*002<) 

- 0*052 

Pb - 5 5 

130 

So 

— 0*0021 

— 0‘002<> 

0 05 2 

2. 4*2 per cent. 

I 40 

So 

— 0-002 2 

~ 0*002 S 

— o*o(>S 

Ph B*S 1 





3. 6*0 per cent. 

170 

So 

— 0*0027 

- 0*0034 

0 05 7 

Pb ^ 5’5 





4, O’O per cent. 

Ptk> 

So 

— O'OO20 

- 0*0033 

- 0*056 

Pb *® 3*® 






Many experiments were carried out with several thixotropic iron 
hydroxide sols. One, with a 0 44 % sol (prepared according to Graham's 
method), will be referred to, the sol being made thixotropic by adding a 
small amount of sodium chloride. It can be seen from Table HI. that no 
change of volume occurs during the sol-gel transformation, the meniscus 
of the dilatometer remaining stationary during the whole experiment. 
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If we assume that a volume change equivalent to the maximum experi- 

mental error occurred, the 
volume change per loo g. iron 
hydroxide would be 0*001 cx„ 
a value 50 times smaller than 
that found for gelatin and 100 
times smaller than for methyl 
cellulose. Consequently the 
volume change (if any) is 
practically negligible in thixo- 
tropic iron hydroxide sols. 

(c) Irreversible Sol •gel 
Transformations* 

A very well-known example 
of an irreversible sol-gel trans- 
formation is the formation of 
silicic acid gels. If solutions 
of water glass and hydrochloric acid are mixed in suitable proportions, 
solutions of silicic acid are obtained which are transformed into gels after 
several hours. There is much information from other investigations (F. 
Mylius and E. Groschuff,** R. Willst&tter. K. Kraut and K. Lobinger ») 
concerning the chemical and physical processes in such sy'stems. At first. 


TABLE IV. 


Time ia 
Hours. 1 

Readin«B of 

Reading of < 

Vohane 

} Volume ln» 

Remarks. 

the Mentscus 

the Becicmann j 

Increase 

Screase (c.c. per 

{in cm./. 

Thermometer. * 

(Per Cent). 

j joog. SiO|). 



TABLE III. 


Time in 
Hours. 

Reading 
of the 
Meniscus 
in cm. 

Reading 
of the 
Beckmann 
ThMino* 
meter. 



i _ 



liquid 


i I 2 *50 

4*722 


I ! 

1250 

4722 



12*48 

4*720 

transition 

3 

12*50 

4 720 

soft ge! 

5 

12*50 

4*718 



12*52 

4*720 

gel 

47 1 

12*52 

4*718 

*• 


(a) 7*6 per cent. SiO, and 1*87 N HCl. V oiume : 70 c.c, ; radius of ike 
capillary : 0*23 mm. ; T 23'' C. 


i 

1 1 7*00 

5*220 


, — 

liquid 


1 22 *O 0 

5*221 

0*012 

o*iO 

.. 

3 

1 27*10 

5*222 

0*024 

0*34 

soft gel 

5 

j 

5*220 

0*030 

0*40 

*24 

1 38-90 

5*222 

0*052 

0-69 

clear jelly 


45-50 

5*224 

0*009 

0*91 


240 

' 5 -i -8 

5*220 

0*080 

1 14 

slightly turbid 

720 

j 59-0 

5*210 

0*102 1 

i I -35 

syneresis 

2040 

1 <i 4 -i i 

5*210 i 

\ 0*113 

1-49 1 


) 6*8 per cent. S 10 « ; 

1*78 N HCi. Volume : 38 c.c. : radius of ike capillary 
0*33 mm. ; 7 - 23 C. 

i 

1 (>-24 j 

5*220 

— 

1 — . 

liquid 

1 

1 7-57 

5*220 

0*012 

1 017 


3 

9-30 

5*220 

0*028 

0*41 

! soft gel 

8 

1 1*1 1 

5*223 

! 0044 

0*63 

24 

12*59 

5*220 

0*057 

0-83 

clear jelly 

92 

M '35 

5*2i6 

0073 

1*06 

slightly turbid 

240 

15*80 

5*212 

0*084 

1*22 

tyneresis 

816 

17*39 

5*212 

0*100 

1*45 

— 


18*30 

5*210 

0*109 

15S 

— 

2500 

18-99 

5*2to 

0115 

1*67 

— 

3200 

19-40 

5*212 

0*120 

l- 7 <> 

— 

3800 j 

19-73 

5*210 

0*122 

i-8o 

— 


** F. Mylius and E. Groschufi, Bet,, 1906, Jp, 116, 

R. Willstatter. K. Kraut and K. Lobinger, Bet,, 58, 246a ; 1928, 

61, 2280 ; 1928, 6a, 2097. 
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molecular silicic acid is formed, which is quickly pol3rmeri8ed with the 
liberation of water (** chemical dehydration ") to higher molecular ptroducts 
(polysilicic acids) and finally to colloidal pai^des. It seemed of interest 
to investigate such a system by the dilatometric method. 

For the experiments water glass solutions, which contained about 
12 % SiO* were used, the ratio SiO, to Na being i to 0'85. When such 
mixtures were observed in the dilatometer, a very quick increase in volume 
of considerable magnitude was noted within the first few hours. After 
3 hours, for instance, the volume had increased by 0*028 %. After this, 
gel formation began and was complete in about 24 hours, when a clear 
jelly was obtained, the volume having increased by about o*o6 %. The 
volume of the so formed gel increased then more slowly ; a change of 
o*o8 % being noted after 10 days and of o-ii % {i.e., a volume increase 
of 1*5 ex. per loo g. SiO,) after 3 months. Even after 5 months no final 
value was reached, the volume increasing still further, but with decreasing 
velocity. The gels became more and more opalescent and syneresis 
(about 13 %) was observed. A second mixture showed the same be^viour. 



(Table IV.) The volume changes in this system arc of quite a different 
order of magnitude compared A%ith those of the previous systems. They 
are about 10 to 20 times larger. 

The last system investigateil was a solution of viscose. This system 
is more complex than the silicic acid gel. It was, how-ever, investigated 
because of its technical interest. 

50 g, cellulose (dense wood pulp) ** was treated with an 18 % sodium 
hydroxide sdutton for about 20 hours. Then the liquid was pressed out 
until the remaining solid had a weight of about 150 g. This alkali cellulose 
was aged for 2 days, then 26 g. of carbon disulphide were added and the 
xanthogenate was formed within 3 hours. The whole mass was now dis- 
solved in 7*2 % sodium hydroxide. The ** maturing ” of the viscose 
then commenced. The solution became less viscous at first, then the 
viscosity increased considerably until a gel was formed, and this finally 
underwent syneresis. 

I am greatly indebted to Dr. Weir (I.C.I. Ltd., Stevenston) for supplying 
me with a larger quantity of this substance. 


468 STUDIES ON SOL-GEL TRANSFORMATIONS 

This s)rstem was measured in the dilatometer. At first the volume 
decreased rapidly. Then, shortly before the gel formation occurred, 
the curve changed its direction and the volume increased. This volume 
increase continued, though slowly. Even after 3 months it did not come 
to a limiting value. The measured volume changes were of the same 
order of magnitude as those found with silicic acid solutions (Fig. 3). 

III. Volume Change, Hydration and Structural Changes in 
Reversible Sol-gel Transformations. 

There is every likelihood that the volume changes in this group 
of transformations must be attributed to changes in hydration of the 
colloidal particles. Since the water bound by secondary forces to the 
particles has a smaller specific volume than the free water, a volume 
increase during the transformation accounts for a decrease in hydration. 
It i.s very probable that, by measuring volume changes, only that part 
of the hydration can be distinguished which is caused by an attraction 
of some kind (“ adsorption solvation ” by van der Waals and dipole 
forces ; “ chemical solvation ”), whereas any changes in hydration caused 
by a mere change in immobilisation of water molecules for purely stereo- 
metrical reasons cannot be detected in this way. 

The justification for these assumptions is given by the fact that 
liydrophilic colloids allowed to dissolve or to swell in water, cause a 
considerable decrease in volume of the total system, the water of the 
liydration layer thus undergoing a process of compression as a result of 
the attractive forces between the colloidal particles and the water dipoles. 

The volume change that occurs during the sol-gel transfonnation 
is 50 to 100 times smaller than the volume contraction, which is found 
when the solid colloid swells or becomes dissolved in the liquid. For 
instance the swelling of gelatin in water cause.s a volume decrease of 
the total system of 5 to 7 c.c. per 100 g. gelatin (Th^ Svedberg,* A. Taflel 
The volume change during the sol-gel transformation of gelatin, how- 
ever, is only about o-o6 c.c. per 100 g. gelatin. In the system methyl 
cellulose-water the volume increase during the sol-gel transformation 
is 0*13 c.c, per lOO g. solid methyl cellulo.se. Thi.s i.s about 2 % of the 
volume contraction that occurs, when methyl cellulose is dissolved in 
water (7 to 8 c.c. per lOO g. solid methyl f'ellulose, according to pre- 
liminary experiments Thus in l)oth systems the change in hydra- 
tion during the sol-gel transformation is only a few per cent, of the total 
hydration. 

If we speak in terms of hydration we have, however, to remember 
tliat there is no quantitative definition of this term, since the first 
liquid molecules are bound with a much higher energy than the later 
ones, and that there is no marked limit to the hydration layer, but a 
more or less smooth transition to the free water. It is interesting in 
this connection that the differential heat of swelling decreases gradually 
with swelling (J. R. Katz •). 

In the thixotropic iron hydroxide sols no volume change can be 
detected during the sol-ge! transformation, although the technique 
enables a volume change as small as 0 *CXX )2 % of the total volume to be 
noted. We have, therefore, to assume that there is no change in 
hydration during the sol-gel transformation of this system. This result is 
easily understandable. In these thixotropic systems the sol state and the 

Not yet pabUshed. 
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gel state are very much alike, both existing at the same temperature, 
the latter being transformed into the former by comparatively small 
mechanical forces (H. Freundlich 

The ** inverse ” sol-gel transformation of methyl cellulose, investi- 
gated at constant temperature, is accompanied by an increase in volume. 
Thus the particles become less hydrated whilst the gel is formed. In 
consequence of this decrease in hydration, large, probably anisometric, 
coagulates are formed, which build up a loose network, the gel, if the 
concentration is high enough. H. Staudinger and O. Schweitzer 
attribute the decrease in hydration to a decomposition of a methyl 
cellulose-oxonium-hydroxide, which is decomposed, w’hen the tem- 
perature is raised. The gel formation of acetyl cellulose in organic 
liquids is also accompanied by a volume increase (W. T. Mardles*). 

The opposite behaviour is shown in the sol-gel transformations of 
gelatin, according to the measurements described in this paper, and 
of agar, according to the investigations of K. Krishnamurti.^^ The trans- 
formation, investigated at constant temperature, is accompanied by a 
decrease in volume and, consequently, it can be assumed that hydration 
increases. This assumption is in agreement with the experiments of A. 
Taffcl and of Th^. Svedberg. who found that the volume contraction, 
which occurs w^hen gelatin is dissolved in water, is larger at louver tem- 
peratures, where a gel is formed, than at higher one.s, where sol formation 
occurs. 

When an isoelectric gelatin sol sets to a gel, the gelatin molecules 
come nearer together and aggregation occurs to a certain degree, as 
indicated by ultramicroscopic investigations (W. Bachmann and 
K. Krishnamurti and by measurements of the scattering of light 
(F. G. Donnan and K. Krishnamurti *•). It seems likely that the equi- 
librium between the gelatin molecules and the polymolecular aggregates 
is shifted in the direction of the aggregates, when the gel is formed. 
The gelatin molecules arc arranged in these aggregates (micelles) with a 
certain regularity, since the X-ray diagrams of the gels show inter- 
ferences (J. R, Katz, J. C. Derkson and W. F. Bon *®). But it is 
known from Bungenberg de Jong’s and from Katz* investigations, 
that this aggregation is not accompanied by a dehydration. In fact 
the volume change measurements show that hydration increases slightly 
during this proces.s. This has already been suggested by Katz and 
Derkson. Aggregation and increase in hydration are, however, not 
related to each other, for, whereas the amount of aggregation is de- 
pendent on the />ii, the increase in hydration is independent of the 

Only one fact seems at first to disagree with the assumption of a 
change in hydration during the sol-gel transformation of gelatin. The 
dielectric constant, measured by Kistler,** does not change during this 
process. However, it appears doubtful w^hether this method is suf- 
ficiently sensitive to detect a small change in hydration. For we have 

H. Freundlich, KapiUarckemit, vol. II. 

H. Staudinger and O. Schweitzer, Ber. Dt^Usch, Chem. Ges.. 1930. * 357 * 

Bachmann, iT. atiorg. Chem., 1912. 73, 125 ; R. Zsigmondy. Kolhid^ 
ck$mi$, 1 .. p. 58 (5th edition). 

K. Kdshnatnurti. Proc. Pay, Soc., 1929. 124, 640 : Naiure, igig, ia4« 
690 : F. S, Donnan and K. Krishnamurti, ColMi Monogr,, 1930* % x. 

•• J, R. Katz, J. C. Derkson and W. F. Bon. Bar. Trav. Ckim, Phys. Bas., 
103a. S«» 5 » 4 ‘ ^ 

** H, Bungenberg de Jong, Z. pkys. Ckm.« 1927. * 3 ®* 

•• O. S. K^er, /. physic, Chern,, 193*. 3 S» 
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seen that the hydration change during the sol-gel transformation is only 
a few per cent, of the total hydration. The effect of the total hydration 
on the dielectric constant corresponds to the difference between the 
dielectric constant of water (8o) and that of a gelatin solution in a region 
of wave-length, where the gelatin dipoles do not contribute to the 
orientation polarisation. This difference is 2 to 3 units for a 0*9 % 
solution (J. Errera Consequently we have to expect for the sol-gel 
transformation of a 5 % gelatin solution a decrease in dielectric con- 
stant not greater than 0*2 units. This is probably below the limit of 
accuracy of dielectric constant measurements in systems with con- 
ductivity. 

One might object that the volume changes observed during the sol- 
gel transformations of methyl cellulose, agar and gelatin are not 
necessarily connected with a change in hydration, l>iit that tliey are the 
result of an aggregation of the colloidal particles. In thi.s case, however, 
one would have to assume that the aggregation causes a \ olumc increase 
in the case of methyl cellulose and a volume decreiise in the ca.se of 
gelatin and agar ; a behaviour which would not l)e easily understand- 
able. There are, moreover, other reasons wdiich make such assumptions 
very unlikely. 

(1) In the case of methyl cellulose a decrease of hydration of the 
particles during the sol-gel transformation seems likely not only as a 
result of the volume change mcjisu remen ts. The minimum in the iso- 
thermal viscosity cur\'e as well as the influence of the lyotropii' scries 
of ions also indicate that a decrease in hydration occurs in this .system 
(E. Heymann). Moreover, a decrease in hydration has to be expected 
for chemical reasons (Staudinger and Schweitzer). 

(2) In the system gelatin-water it has been found by measurements 
of the scattering of light (Kraemer and Dexter and of the sedimenta- 
tion velocity in the ultracentrifuge (Krishnamurti), that particle aggre- 
gation does not occur if the is larger than 7*5 and smaller than 4. 
Thus if the volume decrease during the gel formation were <iue to 
aggregation, it should be dependent on the and it should have a 
maximum at the isoelectric point. The measurements mentioned in 
section II. show, however, that the volume decrease is iiKi(q)endent of 
the To add further point to these argument.s, it would, however, 
be interesting to investigate the X-ray spectra during the gel formation 
of gelatin (Katz) at various ion concentrations. 


IV. Physical and Chemical Changes during Irreversible Sol- 
gel Transformations (Silicic Acid, Viscose). 

Here the formation of a gel is in many cases the result of a cheniii al 
reaction in a solution wdiere a colloidal product is fonned. If the volume 
change.^ of such transformations arc to !)€ investigated, rare must be 
taken to determine the actual process, to which the volume change is 
due, which may be either the original chemical reaction or the colloidal 
changes, which the reaction products undergo during the ageing of the 
system. 

If sodium silicate solution is mixed with hydrochloric acid, mole- 
cular silicic acid is fonned together with sodium chloride. This ionic 

I! J; /• Chimie physique, 1932, 39, 377. 

« Kraemer and Dexter, /. Physic. Chem.. 1927, 31, 764. 
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reaction has a high velocity, so that it has reached completion before 
measurements in the dilatomcler can be made. Every observation 
after admixture of the original compounds is connected with changes 
of the silicic acid. We know from the investigations of Willstatter 
that the originally formed compounds, mono-silicic acid and di-silicic 
acid undergo polymerisation, for instance 

HjjO. 

In this way high molecular silicic acids, and in the end colloidal particles, 
arc formed to which we may attribute a configuration of the following 
kind {K, K. Kideal : 



I'A'cry step of thi< polvmerisation is accompanied by a lil>eration of 
water moIe<‘u!es. the ver\' large volume increase observed in the 
first hours (d tht‘ reaction until gel formation occurs (0*8 c.c. per lOO g. 
SfOjj) can be t vinder<trK)d. It is. however, significant, that after 
tlu‘ sol has set to a stiff gel, the volume increase still continues and evTn 
5 months after the gel formation there i.s no sign of its reaching a limit, 
riu* volume increase which occurs after the gel formation is about i c.c. 
j>er ux> g. silicium dioxide, that is to say, it is more than ten times as 
large as the whole volume change in the methyl cellulose system. A 
continuous volume increase of this magnitude has most likely to be 
explained by the a.^.*5\unption that dehydration reactions are going on 
in the colloidal part ides (R. Schwarz. *•*•) and perhaps between the 
colloidal particles, whereby water molecules are liberated. In this 
way a network of pri mars' chemical bonds may be established, which may 
f»erhaps go through the whole gel; there is, however, no direct experi- 
mental proof for this assumption. 

A decrease in hydrati<»n in regard to water molecules bound by 
secondary forces may at the same time take place, since more and more 
hydroxyl groups, the centres of attraction for the water dipoles dis- 
appear. 

The assumption of a network of primarN* chemical bonds between 
the particU'S in silicic acid gels may explain the high mechanical strength 
of these gels and the non-existence of thixotropy, as has already been 
pointed out by Frctindlieh.*^ It explains perhaps, too, why such gels, 
if dried, do not shrink indefinitely with progressive dehydration, but 
maintain their volume after a certain stage of drying h;is been reached. 

The processes which take place during the maturing of viscose solu- 
tions, leading eventually to the formation of a gel, are much more com- 
plicated. It is not the purpose of thi.s paper to discuss these proccs.ses 

E. K, Rtdeal. Trans. Faraday Sac., i. 

R. Schwars, O, Liede and F. Stoewner, Bar., 1920. 53% *509 ; Aol/. Betk., 

^ F^undlich, ThiMotropy, {ActnaliMs Sciantifiques ei IndustrUUes : The 
Cothidal SUU$, I.), p. 47, 1955- 
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in detail and, therefore, only some points are mentioned. The fresh 
solutions contain most probably a cellulose xanthogenate, which 
undergoes hydrolysis, whereby NaOH and CSj are produced and 
cellulose is regenerated. Whilst the process of maturing proceeds, the 
sol becomes more and more hydrophobic (R. O. Herzog and R. Gaebel,*® 
H. Bungenberg de Jong *^), the quantities of ammonium chloride 
required for precipitation becoming gradually smaller. The viscosity, 
investigated at constant temperature decreases at the beginning and 
only increases after a time (T. Mukoyama,*® E. Berl and J. Bitter,*® 
E. Heuser and M. Schuster,*' K. Atsuki **). In this respect this system 
is similar to the system methyl cellulose-water. Mukoyama has assumed 
that the minimum in the viscosity curve is due to two processes (l) a 
decrease in hydration of the cellulose particles, which causes a decrease 
and (2) the succeeding gel formation which causes an increase in viscosity. 
It is understandable that a decrease in hydration occurs w'ith increasing 
hydrolysis, since the cellulose particles are deprived of their hydro- 
philic xanthogenate groups. The volume cur\’e of the ageing of viscose 
solution shows a minimum too, as has been shown in Section II. The 
first decrease is most probably due to the hydrolytic decomposition of 
the xanthogenate, whereby strongly hydrated ions, such as OH"" and 
Na*^ are formed. The increase in volume, which is obserx^d later, is 
most probably the result of the progressive dehydration of the cellulose 
particles during the gel formation and during syneresis. 


Summary. 

(1) The volume changes, which occur during the sol -gel transformations 
of iron hydroxide, gelatin and methyl cellulose have been measured with 
a sensitive mercury dilatometer ; the limit of its accuracy being 00002 % 
of the total volume. 

(2) In the case of methyl cellulose the volume increases during the 
gel formation, in the case of gelatin the volume decreases. The effect is 
independent of the p^. The magnitude of this volume change is only a 
few per cent, of the volume changes, which are observed when gelatin 
or methyl cellulose are dissolved in water. No volume change occurs 
during the thixotropic sol-gel transformation of iron hydroxide. 

(3) A di.scussion of the possible causes of me volume changes leads to 
the assumption that a change in hydration of the colloidal particles is 
responsible for it. Thus the sol-gel transformation of methyl cellulose 
is accompanied by a decrease, the sol-gel transformation of gelatin by an 
increase in hydration, whereas in the system iron hydroxide-water no 
change in hydration occurs. The change in hydration of gelatin and 
methylcellulose during the gel formation is, however, only a small per- 
centage of the total hydration. 

(4) The formation of silicic acid gels from mixtures of sodium silicate 
and hydrochloric acid was also investigated by means of a dilatometer. 
The volume increases considerably, its total change being 10 to 20 times 
larger than in the previously mentioned systems. After the formation 
of the gel there is a further increase in volume which continues for many 
months. It is suggested that a chemical dehydration as a consequence 
of continual polymerisation processes may be the reason for these large 

»• R. O. Herzog and R. Gaebel, KoU. Z., 1924, I 93 - 

*• T. Mukoyama, Koltoid Z., 1927. 41^ 70 ; 4a» 330 ; 4^ 349. 

E. Berl, J. Bitter and E. Lange, CelMosecHsmte, 1926, 7, 137, 143. 

£. Heuser and M. Schuster, C$Uulot$chtimi$, 1926, 7, 17. 

** K. Atzuki, /. Fac, Engin., Tokyo, Imp. Univ., 1923, 17, 1933. 
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volume changes and that these processes progress even after the gel 
formation. 

(5) The maturing of viscose solutions, which involves the formation of 
a gel that undergoes syneresis, has been investigated dilatometrically 
and the processes accomj^nying these changes are briefly discussed. 

I am greatly indebted to Professor F. G. Donnan, C.B.E., F.R.S., 
and to Professor H. Freundlich for their interest and for valuable 
discussions. 

The Sir William Ramsay laboratories 
for Inorganic and Physical Chemistry^ 

University College, 
iMndon^ W.Ca. 


STUDIES IN CHEMISORPTION ON CHARCOAL. 
PART VII. THE ADSORPTION OF WATER 
VAPOUR. 


By C. Cl . Lawson. 

Received nth November ^ J 935 - 

In a previous publication ^ the effect of activation of charcoal on its 
adsorption of water vapour in the presence of air w’as studied. Charcoal 
activated at low temperatures was found to be far more hygroscopic 
than that activated at high temperatures. This was correlated with the 
presence of surface oxides on the charcoal, that which is stable below 
about 550® C, being acidic * in nature and that stable at higher tempera- 
tures Inring basic and far less hygroscopic. There is no evidence for a 
sharp transition from one oxide to the other, Rhcad and Wheeler • 
having shown that the quantity of chemisorbed oxygen varies in a con- 
tinuous manner with temperature, there being evidence of extra stability 
Ijetween 350'’ C. and 500® C,, which may correspond with the acid surface 
oxide. A .study of the values of charcoal suspensions * shows a 
gradual change from acidity of charcoal which has been activated at low 
temperatures to maximum alkalinity at an activation temperature of 
about 850® C. 

On standing in air, a charcoal which had been activated at a high 
temperature adsorbed more water than before.^ This is probably due to 
the reversion of the high-temperature surface oxide to that stable at 
low temperatures. The />h values of suspensions show a similar effect.^ 
As a result of thi.s process, the establishment of true adsorption equili- 
brium is not possible in the presence of air. On plotting curves of the 
amount of adsorption against time (or better, of the logarithms of these 
quantities), the process was found to consist of two parts. There was 
first a rapid increase in the amount adsorbed, then a very slow increase 
lasting for at least six months. If the charcoal had stood in air for 
some months before the measurements were started, then this break 

^ A. King and C. G. Lawson, Trems. Faraday Soc., 1934, i094> 

• I, M. Kolthofl, /. Amer. Ckem. Soc., 1932, 54, 4473. 

•T. Rhead and R. Wheeler. /. Chem. Soc., 1912, 831 and 846. 

♦ A. King, /. Chem. Soc„ I 935 » 
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in the amount of adsorption did not occur. It is therefore due to 
the building up of surface oxide, rather than to its displacement by 
water vapour. This effect is particularly marked at low humidities 
(about 50 per cent. R.H.). 

Another drawback to w’orking in the presence of air is the long time 
required for even approximate equilibrium. This time is some days, 
or even weeks. It was therefore decided to repeat and extend the 
earlier work, using a vacuum method. In order to increase the rate 
of establishment of equilibrium still further, a temperature of 80® C. 

was employed, since Coolidge ® has shown that equilibrium 
is not attained readily at low pressures at low temperatures. 

Experimental. 

The preparation and activation of the sugar charcoal 
employed was the same as in previous work.‘ Since the 
charcoal to be studied is covered with surface o.xide which is 
metastable in the absence of air or oxygen, the metluxl list'd 
must not involve baking out at high temperatures. The 
evolution of small amounts ot gas (oxides of carlx^n) from 
the charcoal during the determination of the adsoq)tion 
isothenn must therefore be allowed for 'the only satis- 
factory way is to work with a pump scaled on to the ap- 
paratus. As the measurements were t(» l>e carried out at 
80^^ C.. and as glass taps, mercury cut-ohs, etc , are incon- 
venient at such a high temperature, a sorption balance was 
used. An account of a machine for \%intling compact silica 
springs has already l>ecn published. ‘ Howe\'er, a sealed-up 
balance of the type used by McBain ami co-workiTs ’ would 
soon have become clogged with small amounts of oxides of 
carlx)n from the slow decom}x>sition of .surfactJ oxide on the 
charcoal, rendering the rate of establishment of equilibrium 
slow. An apparatus was therefore designed so that these 
trace.s of gas would be eliminated as siM^n as they were 
formed. As this arrangement, which allows two or more 
.samples of charcoal to be studied .simultaneously, is rather 
novel, it is described in some detail. 

The apparatus (Fig. i) consists essentially of a water 
diffusion pump, a small quantity (3 grams) of water being 
continuously lx>iled in the lagged space A, and refiuxe<l in 
the condenser H. so that the sf^ecimens of ad.sorlxmt in the 
pans C and D on the ends of the silica springs H and h' are 
sus|x?nded in an atmosphere of water vajx>ur at a given 
pressure. Owing to the slow rate of txnling and the open 
construction of the apparatus, the pressure wa.s practically 
uniform throughout ; however, the boiling was sufficiently 
Fig. I. rapid ta prevent back diffusion of air into the apparatus. 

It will be noticed that the steam is not condensed at the 
very bottom of the 4 mm. tube B. so that air would have to diffuse along 
some 4 cms. of narrow tubing before reaching the space O. When the 
external pressure is rai.sed, it is done very slowly so that the water in A 
can warm up rapidly enough for its vapour pressure always to counter- 
balance the external pressure. 

If there were no solution of air in the water as it condensed in B, a 

• A. S. Coolidge, J. Amer. Chem. 5 or., 1927, 49t 708. 

•A. King, C. G. Lawson, J. S. Tapp and G. H. Watson, /. Scieniific 
I 935 » *»• 249. 

’ J. W. McBain and A. M. Bakr, J, Amer, Chem, Soc,, 1926, 48, 693. 
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perfect vacuum (apart from steam) would ultimately be formed round the 
charcoal. Actually, no doubt, a small amount of solution does occur, 
though the bottom of tube B behaves as a fractionating column. Since 
equilibrium was never apparently delayed (as compared with the rate 
at which it was established in an evacuated apparatus) it was thought 
unnecessary to sweep out the air in the apparatus with helium, which 
would only be diss^^lved to a minute extent. 

The charcoal was maintained at a constant temperature in a benzene 
vapour jacket G, which also served to keep the water in A boiling. The 
bath was tested for two h(»urs (after it had been boiling for some hours 
already) and showed no change on a thermometer sensitive to i /50® C. ; 
a mass of copper turnings in the Ixittom of G supported the inner ap- 
paratus and also prevented undue bumping. The pressure in the sorption 
apiwatus itself was buffered by a 20 litre jar of air connected to H. 
Owing to the rapid setting up of equilibrium, a simple manostat, which 
was originally used, was found to lx* unnece.ssary. 

'Fhe double surface condenser wa.s simply made by inserting two thin 
quill tutx^s K and L inside the annular space (xcupied by the cooling water, 
the inlet tube K reaching nearly to the false bottom (which consisted of 
a Him of sealing wax supp(^rted by a thick layer of sand). The whole 
tkmzene boiling tuln* was in-serted in a wider tulxj M wnth mercury N at 
the l>ottom. This M^rved bo.h as a safeguard again.st fire 
and as an air jacket. 

The sus|x?nsion <if the .springs differed from that of 
previous workers in that a reference rod, hanging down 
the centre of the spring from the same compact supjx>rt 
(Fig. 2), enabled the distance to lx measured with the 
micro.sco|H‘ to be substantially reduced. As a result, an 
accurate micnuneter-screwed instrument could be em- 
ployed. .Although readings were always taken, there was 
no relative movement of rod and spring at the support. 

'I'he readings were always rejxated .several times, and their 
average wa.s correct to i. 001 mm. 

Fhe glass jxins employed were similar to those of Fig, 2. 
('ameron.* The charcoal had to be protected from bright 
light as this was ol>s<'r\ ed cause slight desorption (owing to the heating 
of the black charcoab. 

Flqudibriuni was usually established within 30 to 40 minutes. Where 
the i.sotherm was steejxst (large change in the amount of adsorption with 
a small change in water pres.sure}, the time required \vas longest, up to 
about two hours. Initially, if the apparatus were originally full of air 
a few hours were necessary Ixfore the reading became constant. Owing 
to the thermally insulated nature of the charcoal in this type of apparatus, 
it is quite reasonable to suppo.sc* that the controlling factor in the establish- 
ment of equilibrium is the rale of dissipation of the heat of adsorption. 

The Adsorption of Water by Charcoal. 

The isotherms obtained with various charcoals are plotted in Figs. 
3 and 4 on the same scale. The results are similar in character to those 
olitainecl in the presence of air, adsorption setting in at much lower pressures 
in the case of charcoals covered with the acidic oxide (C : 400®) than with 
the basic oxide (C : 850®), although the total adsorption at high humidities 
is far larger in the latter case. Thus C : 1 300® finally took up over half 
its weight of water, yet at 50 per cent. R.H. it had adsorbed less than a 
totally unactivated charco^ and far less than a charcoal activated at a 
lower temperature. In view of the results of Langmuir* who showed 

• A. E, Cameron, /. Amer. Ckem. Sor.. 1931, 53, 2646. 

• 1 . Langmuir. /. Amer. Ck*m, Sac., 1915. 37 * ^* 54 * 
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that graphite retains a surface oxide up to 1900'’ C.» this high-temperature 
charcoal is almost certainly covered with oxide, which must therefore be 
far less hygroscopic than charcoal itself, which has been studied by 
McBain, Porter and Sessions.*® The low-temperature acidic oxide is 

atout equally hygroscopic 
as clean charcoal. 

In the case of two char- 
coals, observations were ex- 
tended so as to include a 
desorption curve. The hy- 
steresis appears to be due 
to a variation in the nature 
of the surface oxide owing 
to its slow displacement by 
water. This is in accord 
vith the work of Allmand 
and his collaborators.** 

Chemisorption of 
Water. 

Several workers have 
noticed that on desorption 
of water from charcoal a 
small amount is irrevers- 
ibly retained. Rakowsky ** 
estimates that sugar char- 
coal retains 2 per cent, of 
its adsorbed water, some 
of which is not expelled 
on heating to redness in 
a current of nitrogen. 
Allmand,^* working with 
wood charcoals, found that considerable and variable amounts of water 
were retained in vacuo at room temperature and that some is not de- 
sorbed even after evacuation at red heat. 

The influence of such water on the properties of charcoals might be 
ver>' great, so a simple 
experiment was carried 
out to measure its extent 
in the case of a wood 
charcoal and of an ash- 
free sugar charcoal. 

The sorption balance 
method is insufficiently 
sensitive to throw any 
light on the question of 
chemisorption of water. 

An apparatus was there- 
fore constructed, consist- 
ing of Si 2 mm. quill tube containing 50 mgs. of watc^ separated by a 

*• J. W. McBaiu, J, L. Porter and R. F. Sessions, /. Amer. Soc., 1933, 

55 » 2294. 

** A, T. Allmand and R. Chaplin, Proc. Boy. Soc» A, 1930, tW 9 f 264. 

*• A. V. Rakowsky, J. Russ. Physic. Chem, Sac.. 1917, 49* 371. 

*• A. J. Allmand, P. G. T. Hand and J. E. JiiUantng, /# Physic. Chem., 1929, 
33, 1710. 
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Fig. 4. — ^Adsorption of water on nnactivated char- 
coal prepared at 800*" .* the dotted line repre- 
sents the desorption curv'e. 



Fig. 3. — The adsorption isotherms of water on pure 
charcoals activated at 400^, 850^ and 1300°. 
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diaphragm from a short wide charcoal tube. The water was outgassed 
and sealed up : its volume was measured by a travelling microscope, to 
0*2 cu. mm. The charcoal was heated to 1300° in a crucible for a few 
minutes and placed in the apparatus while still warm. It was then re- 
heated to 700® C. and sealed off whilst still red hot. The diaphragm was 
broken by a glass rod previously introduced into the apparatus, and the 
water, was distilled on to the charcoal. The whole apparatus was heated 
to 100® C. for 2 hours and left overnight at room temperature. The 
water was then condensed out with solid CO, and the charcoal heated to 
250® C. The end of the quill tube with the water w'as sealed off and the 
volume of water remeasured. The tip of the quill tube left after sealing 
w^as cooled for two hours in liquid air, but no more water condensed 
therein. 

Sugar charcoal gave no measurable chemisorption (less than one part 
in a thousand) w'hilst birchw'ood charcoal retained 0-2 per cent, of its w^eight 
of water. The chemist»rbed water thus seems to be attributable to the 
ash of the charcoal. In this respect it resembles the peroxide w'hich can 
be extracted from airmmercial, but not from ash-free, charcoals by dilute 
mineral acids, after exposing them to air and water.’* 


The Adsorption of Water by Graphite. 

There arc, in general, three types of adsorption isotherm. Firstly, 
most of the adsorf>tion may occur at low pressures ; this is usual w^ith 
charcoal. The second type, usual with glass, finely divided inert pre- 
cipitates, etc., show’s most adsorption at high relative humidities ; this 
i> usually due to capillary ( ondensation. The third type is that of water 
on charcoal, which wc ha\c just considered. Frequently, two of these 
types are superimposed, as with sorption of water by textiles. 

In order to determine which type of adsorption is occurring it is only 
necessiiry to iletermmc three fxunts on an isotherm. One point giv’es 
the scale of the curve ; another at. say. 10 per cent, relative humidit\^ 
shows whether or not the first tyjx* is present. Finally a further point at, 
say, 60 per cent R.VT shtnvs whether there is appreciable adsorptum 
apart from capillary condensation. 

lofty grams of graphite a commercial sample containing i per cent, 
of ash- “in a wide vertical tube were evacuated via a three-way tap at 
al>oul 10 nun for two hours, the graphite being heated to 400® C. for 
the last half-hour (owing to a tendency of the flakes to stick together, 
much “ boiling " <H.'cuiTod tluring this evacuation). The three-way tap 
was then turned and some water in the other limb was outgass^ by 
repeated freezing and pumping hinaJly, when the vacuum became hard 
(in the presence of a liquid air trap), the pump was turned off and the 
volume of water measured with a travelling microscope. 

The graphite was surrounded with a Dewar flask of water at room tem- 
perature. The narrow tube containing the water was surrounded by 
melting icc in another Dewar. The two w’ere then connected by the 
three-way tap and allowed to stand for tw’enty-four hours. The tap was 
turned off and all the water in the narrow tube driven to the bottom, 
where it was measured. The melting ice was replaced by cooled w’ater 
at \ arioiis temperatures ; the Dewars alwa>’T5 prevented a change in 
relative humidity of greater than i per cent, per hour. Since the re- 
mainder of the glass tubing was at rcx>m temperature, any condensation 
here was negligible. 

Kelatiw Humidity, ^>er cciU. - o 54 74 

Adsorption r/m x 100 .. o o-oo,i o 0 045 0*003 

** A- King and C. ti I^wson, KoHoid X., 

17 
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There is too much adsorption at 54 per cent. R.H. to be explained by 
capillary condensation, unless the capillaries approach molecular dimen- 
sions. We must therefore either reject this hypothesis, or else assume 
that there is some mechanism by which a large number of capillaries of 
the required size is produced in graphite crystals. 

It is more plausible to suppose that the same mechanism exists as for 
adsorption by charcoal itself,^ but that the extent of the graphite surface 
is far smaller. 


Summary. 

1. A sorption balance has been designed to measure adsorption iso- 
therms of water on charcoal covered with various surface oxides, small 
quantities of desorbed gases being continuously removed. 

2. Adsorption isotherms have been measured for a series of charcoals 
activated at different temperatures. The mean time of sojourn of water 
molecules on the surface of charcoal is increased by the presence of the 
surface oxide formed at about 400*^ C., and decreased by the surface oxide 
formed at high temperatures, 

3. The extent of hysteresis is measured in the case of two charcr>als. 

4. Wlien ash is present in a charcoal there may be chemisorption of 
water ; this is not noticed with ash-free charcoaU 

5. The adsorption of water on graphite is found to be of the .^anie 
general type as on charcoal ; the hj-pothesis of capillary condensation 
does not give a simple explanation of this fact. 

In conclusion, I wish to thank the Board of Education for a grant and 
Mr. A. King for his interest in, and helpful criticisms of, this work. 

Chemistry DepartmetU, 

Imperial College of Science and Technology, 5 .W''. 7. 


THE ADSORPTION ISOTHERM OF HEAVY 
WATER ON CHARCOAL. 

By a. King and C. G. Lawson. 

Received i\th November ^ 1935. 

In a previous paper, ^ the fractionation of heavy water by selective 
adsorption on charcoal and silica gel was described, it was found that 
on progressive desorption of water from charcoal, the proportion of heavy 
water became greater until the final fraction contained about 1*4 times 
the amount of DjO in the original water. Differences in the mutual 
polarisabilities of the two molecular species, leading to different rates of 
desorption, were suggested as a reason for this. In an attempt to test this 
hypothesis, the adsorption isotherm for pure heavy water on charcoal 
previously baked out in vaciw has now been measured, as well as a com* 
parison isotherm for normal water under the same conditions. 

The adsorptions were carried out at the rate of establishment 

of equilibrium was variable and never exceeded forty minutes, while twenty 

* A. King, F. W. James, C. G. Lawson and H, V. A. Briscoe, /. Chem, Soc., 
1935. 1545« 
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imnutes was adequate in ^me cases. This limit is probably set by the 
time required for thermal equilibrium which will vary very much with 
the method used. As in 
our previous work with 
water,* equilibrium is but 
slowly attained where the 
curve is steep. The iso- 
therms are plotted in Figs. 

I and 2, w'hile a compari- 
son of the adsorption por- 
tions is shown in Fig. 3. 

The vapour pressure curve 
from which the relative 
humidities are calculated 
is that of Lewis and 
McDonald . • Liiss of water 
vapour as well as the 
possibility of interchange 
with the normal water from 
the air has to be avoided, 
and so the apparatus used ^ 40 €0 ^ BO fOQ 

for the measurement of the Relative humidit\/ ^ 

i^therms of water on ^ Tlw ad.sorption isotherm of heavy 

charcoal had t<> be aban- w-ater on outgassed charcoal at no*', 

doned and a sealed up 

sorption balance used instead. Since several days elapsed before the 
readings were complete, there was, no doubt, a slight evolution of oxides 
^ of carbon from the charcoal or a shght reaction between it and the water, 
which McHain * ha,s shown to occur even at room temperature. Thus, 

although the internal pres- 
sure after sealing the tube 
ofi from the pump w*as 
about 10-* mm., it is 
quite likely that this had 
risen to 10 mm. by the 
time the hnal readings 
were made . In our opinion 
this is the reason for hy- 
steresis which is seen to 
occur to a small extent, 
and may also account for 
the long equilibrium time 
for the steep parts of the 
curve. 

The diagrams show that 
the isotherms are v'ery 
similar for light and for 
o t h L j ^ heavy water. In view of 

nehUve numiattkf the uncertainty of obtain- 

Fio. 2. — The adsorption isothemi of water on ing reproducible ch^cc^l 
charcoal at 1 10^. surfaces in spite of the 

0 adsorption curve. x desorption curve. that every effort 

made to do so, and of the 

extreme sensitivity of the isotherm, especially at the crirical point w'here 
the adsorption increases greatly with a small increase in humidity, no 

•C, G, Lawson. Trans, Faradav Soc.^ 1936. p. 477. 

•G. N. Lewis and R. T, McDonald. J, Amar. Cktm,, Soc„ 1933. 3057 * 

* J. W. McBain. J. L. Porter and K. F. Seasions. /. Amer, Ckem, Soc., 1933, 
$$* 2294. 
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special theoretical significance can be given to the small difierences between 
the isotherms. 

In the early work on the fractional desorption of heavy water from 
charcoal, there was one case where some relatively heavy water appeared 
to be chemisorbed ; the charcoal used was a commercial sample. Our 

more recent work has 
shown * that chemisorp- 
tion does not take place 
on a pure charco^ at 
low' temperatures, and in 
commercial charcoal is 
associated wnth inor- 
ganic impurities. How- 
ever, as commercial 
charcoals still contain a 
considerable amount of 
combined hydrogen, 
there is a possibility of 
this tending to become 
heavier owing to inter- 
change betw'een deu- 
terium in the water and 
hydrogen in the char- 
^ coal. Some freshly pre- 
Rthtm humkiitu / •'‘“gar charcoal 

* /• which had not been freed 

Fig. 3. — Adsorption isotherms of hctivy and from hydrogen by chlor- 
Hght water. treatment was there- 

X light water. © heavy water. fore left in heavy water 

for an hour at 100® C. 

and then for a week at room temperature, in a scaled up, evacuated system. 
The water had originally been separated from the charcoal by a diaphragm 
and its melting-point accurately determined. After a wwk the w'atcr 
was condensed out and sealed off from the heated charcoal Its redeter- 
mined melting-point was within i/ioo’^C. of the initial value, showing that 
if any interchange had taken place it was small, corresponding to less tiian 
I /lo, 000th of the mass of charcoal. 

Experimental. 

Owing to the variations in the adso^tion isotherm for light water 
on charcoal with relatively small variations in other factors, it is ot>- 
viously desirable to study that of heavy water under identical conditions. 
The vacuum technique was therefore kept as simple as possible and was 
consequently not as rigorous as it might have bwn. A stuck charcoal, 
activated at was used, and w^as not given the customary heating to 
a high temperature before weighing out as such heating could not he 
accurately reproduced. The charcoal, contained in its apparatus, was 
evacuated slowly and steadily to prevent *' boiling, “ thmugh a three-way 
tap, and when the vacuum had become hard was baked out for eighteeii 
hours at 400®, By the other limb of the tap some out-gassed w^ater was 
now distilled on to the charcoal, which was allowed to stand in this con- 
dition for two days during which time it was twice heated for an hour 
at 130®. The water was then pumped out and the temperature again 
raised to 400® for eighteen hours at less than io“* mm, pressure. No at- 
tempt was made to heat the charcoal for a limited time at a higher tem- 
perature as this led to irreproducible results. This procedure was strictly 
adhered to in both cases. Water (or heavy water) was then distilled into 

» See p. 477. 
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the apparatus, being condensed with solid CO, and sealed 
off in vacuo after baking the constriction. No claim is 
made that the surfaces of the charcoal were free from 
surface oxide, but the preliminary w'ater treatment .should 
have removed the main bulk of such f>xide. The iso- 
therms are therefore not to be compared with those of 
McBain * who probably eliminated all traces of oxide, but 
rather wnth those of Coolidge • who used a technique 
comparable with ours. 

The apparatus (Fig. 4) consists essentially of a silica 
spring balance ’ (A) kept at constant temperature and 
connected to a w'ater reservoir (lb in a second thermo- 
stat at another temperature. Ebulliostatic methods were 
used to maintain a temperature constant to i /5o‘" in a 
.small space. The whole apparatus was contained in a 
tulx‘ (C) at I lo"^, lioiling toluene at atmospheric pressure 
l>eing used to maintain the temperature of the charcoal 
and also used to Ixnl benzene or tolueru* at reduced 
pressure in the .second thennostat (D) around the water 
reserv'f>ir. The same condenser (K) served for Ixith the 
liquids, (.hving to the compact nature of the springs, 
quite narrow* tubing was employed, allowing r<x>m f(»r 
fiouble vapf)ur jackets 

i'he pressure of the uppcT boiling liquid was Indiered 
bv a 20 litre jar of air. connected to an accurate mercury 
manometer. As equilibrium was quickly established at 
iio actual manostats were unnecessary. A test showed 
that the temjxTature of the inner vapour jacket was 
constant within 001 for several hours, even w'hen the 
tempt'raturc* of the outer bath was varied between 4^ 
and 20 alxive the Ixuliiig-point <»f the upper boiling 
liquid, and the flow of water in the condenstT was altered 
within wide limits. 

Imperial ('ollei^c of Science atui l echnolo^^v, 

London^ SAW ^ 

*A S f'<Hihdge. y ,1 wrr ( krm. 1027.49, 70.S. 

’ A King. C. if l^iw'son. j. S l.ipp and G H. Watson. /. Scientific In 

strt4menfs, 


THE RATES OF INTERACTION OF PROTO- AND 
DEUTERO- HYDROGEN AND METHANE WITH 
CHARCOAL. 

Hv Kic 11\RD M. li\RRKH, M.Sc. 

» 

i'onimutiuaied by Eric K. Kideal. 

Recewed is( November, 1955. 

In a recent communication from this laborator>',* a study of the 
interactions of methane and hydrogen with carbon showed that with 
either gas an atmosphere of hydrogen resulted, and that a two-dimen- 
sional surface hydride of carbon was formed. Only at higher tempera- 
tures and pressures of hydrogen could any synthesis of methane be 

* Bairer and Kideal. P.J?.5.. 1935 . *.3i : Barrer. P.R.S., 1935, a53. 
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detected, and this synthesis was extremely slow. The adsorption was 
very energetic, isotherms at different temperatures indicating a heat of 
about 50 Cals, for the chemisorption of hydrogen, while the energy of 
activation on one sample showed a variation with the degree of .saturation 
of surface of from lO to 30 K. Cals, from o to 20 per cent, saturation. 
Both reactions are suited to the study of the relative velocities of reaction 
of proto- and deutero-molecules. Three sources of differing reaction 
rate may be anticipated, due to mass variation, zero-point energy" differ- 
ences, and different permeabilities towards energy barriers. 

The first effect will not be large with CH4 and CD4 molecules, since 

= i‘i2. Both the reactions involve proton exchange, which 
can include permeability effects. 

Experimental. 

The apparatus used in the chemisorption of hydrogen and methane 
has been described elsewhere (ref. i). Deuterium was prepared in the 


TO SUPa.Y 



Fig. i. 

apparatus of Fig. 1. A little heavy water vapour was admitted to a 
tungsten filament (thoroughly out-gassed at 2300® K, for several hours) 
and the filament was then burned at red heat in the water vapour, so that 
deuterium was liberated. The resultant gases were then passed through 
a IJ-tube immersed in liquid air, and were allowed to diffuse through a 
palladium tube heated to 700^ K, The effluent gas was collected and stored 
by means of a Toepler pump. Methane and deutero-methane were pre- 
pared from light and heavy water and aluminium carbide, and the velocity 
sorption checked against pure methane from another source to test its 
purity. 
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Results. 

(a) The Activated Sorption of Hydrogen and Deuterium. 

The activated adsorption rates of the hydrogens were studied over 
as wide a temperature interval as possible (500°-900® K.) on a sugar 
carbon of 0 *0I per cent, ash content. Pressure-Time curves gave the 
retardation in sorption velocity already observed (Barrer even at low 
concentrations of hydrogen. Sorption rates were compared by com- 
mencing experiments with equal samples of each gas, and drawing 
tangents to lx>g|0 (Pressure)-time curves at points of equal adsorption. 
Typical results are given in Table 1 . In all the experiments 4-1 grammes 
of carbon were used, and check experiments made to show that no 
change in the adsorbent had taken place. 


TABLE I. — Temp. (^6'' K. 


jii ' 

N.T.P. 

' toi. 

loK <P, P.\ 


log (/), - />,) j 
-- *1), 

A’d,' 

Ij • log (P, - P,) 

i 

30*0 

O’ |H(» 

1 74 

O’ 100 i 

l’(»0 

0-171 

47 0 

O’ 1 38 

: » h5 

0-073 i 

I’OI 

0*120 

5 .V 5 

O’ 1 1 7 


o*o<J4 j 

I -05 

0-I05 

57M, 

00<K> 

x-ju 

0051 j 

1 (>8 

oo8(> 


0-083 

; I 

0047 1 

I’jl 

o*o8o 

024 

0-073 

I 

0040,^ : 

1-73 

, o*070j 

'• 3-4 

0’<>(>8 

*75 

0038, ; 

i ’77 

1 o*o68j 

04-0 


1-83 

^>* 035 # 


I 0-005, 

052 

(when 



1 


i 

j 

sorption 

ttnnpletc.) 



i 

\ 


i 

Although the value of 

1 1 <>K iP. - 

p^) decreases continuously the ratio 


of the expreH.sion for hytln>gen and deuterium remains constant for stages 
where equal amounts of gas are adsiirbed. The deuterium samples em- 
ployed were 80-O0 j>er cent, pure, since an 80 per cent, heavy water was 
employ ed in their preparation As reaction prtKeeded isotopic fractiona- 
tion by reacti<m (Kcurred. and t>ver the later stages of the reaction sub- 
stantially purr deuterium was Inring chemisorbed. Thus the ratio of the 
rates became constant over the hnal stages of chemisorption, and only the 
ratiiK in this reaction regitm were employed in subsequent calculations. 
Table 1, shows a quite large difference the reaction in velocities at a given 
temperature. T a b 1 <• 

II, shows how' the TABLE 11 . 

ratio of re^tion velo* ivmjxrature K. 8qo fH>K (>03 585 500 

cities varied as a func- Ratio of velocities. 1*44 1*77 1-84 i-t>4 2’37 

tion of temperature. 

As the temperature decreased the ratio increased. This is in accordant 
with differences in rate of reaction due to zero point energies, but not in 
acciird with differences caused by efiusion processes. At the same time 
the possibility of both these processes occurring simultaneously has to be 
considered. A conclusion on this point may be arrived at as follows. 
Reaction proceed.s at any instant according to" an expression 

- ^ • • • • (0 
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so that — at constant temperature, 

reaction involving the hydrogen isotopes we may write 


r 


Ah, 

A'd, 


(^Ht %, ) 

RT 


d/ ■ **” 


h'or the 


( 2 ) 


as given for example in Table I. 


Hence 


. log r 


(Ah, — Ap,) 
2 *303 A 


AA 

2303A 


(3) 


Equation (3) is a general differential equation which will give a family of 
particular solutions of which two cases may apply : 

AA 

2 303 log r - — ~~ (without effusion) . (4) 

and 

AA 

V 2 } (with effusion) . (5) 

The general equation (3) was first used to determine AA bv plotting log 
r as a function of 1 jT. The value thus obtained was 780 Cals. Now in 
Table III. are given the values of AA calculated from equations (4) and (3) 
respectively : — 

TABLE in. 


Tmp, 'K. 

1 Ratio 

(£quatk>0 4}. 

1 

' Cab. 

Ratio 

1 414 

A/. CtK, 


1 . 

(Eqaation 5.} 



1 

; *-44 

I ''S" , 

1*02 


irtfS 

! >77 

; t 

J '25 

.M 5 


1 -84 

1 74 ^ . 

I 30 

310 


rc #4 

800 j 

*‘37 

1 3 *'^ 

500 

2’37 

i i 

{ 

1 08 


i 

I 


Average 700 j 

{ 


i 

i 

, 1 


Obviously eipiation (5) disagrees with equation {3), nor d<ies it give 

constant AA values, where* 


lABLK IV. 


Amoont 
Sorbed c.c. at 
N.T.P.x lo*. 

! Velocity 

1 Constant 

1 at 696*- K. 

I Velocity 
Constant 
at 603* K. 

Apparent 
) Energy of 
Activatioii» 

1 cab./irm. mol. 

t 

30*0 

0*180 

00342 

» 

1 15.700 

440 

01 38 

O'Of ^4 

j 17.900 

53*5 

0*1 17 

00137 

i 18.700 

1 


as there is g<KKi agree- 
ment l>etwcen (4) and (3). 
Thus diffusion in the bulk 
phase or <m the surface 
does not combine with the 
chemical process as a rate 
determining step in the 
temperature range studied. 
The molecules of hydnigen 
and deuterium react ac- 
cording to the scheme : 


H, gas H, ads, 2(CH),*rt. 


th^e is a {»relinmary van der Waals adsorption sufiiciently rapidly 
established to maintain the surface concentration at its equilibrium value. 
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The apparent energy of activation for the chemisorption of hydrogen 
on charcoal F is shown in 

the following data to be in- TABLE V. 

itiallv about 1^.000 cals /irrm. 

mol., and to increase steadily Temp«r,tu« 
as the amount of gas sorbed ^K. 



j ^'cur 

1 

^CD.- 

Ratio. 

(b) Chemisorption of 

i 

o*o86 

0*044 

1*66 

Light and Heavy 


0*059 


Methane by Carbon. 

0*156 



920 

— 

— 

The sorption data for 

— 

o*o8o 

1*52 

methane w-ere treated in a 

0*090 

— 

— 

similar manner to those for 

0*381 



hydrogen. The results arc 

0 

! 

0 

1*44 

given in Table V, 

: 0381 

From Table V. one can 

1 



calculate the zero -point 

energy difierences needed to explain the different reaction rates : — 

Temperature . H3S 9:0 950 

Zero point energv 
difference (calories) 8S0 770 700 


'fhe apparent energy of activation * for the chemisorption of methane 

on carbon F is given by the data 
here shown. 


Discussion. 


Temp. *K. ! 

! \ floe it V 

S 

Ratio 

LTV 

Bnersv 

K CaU. 

8 38-4)50 

4 44 

— 

26*7 

838-950 

— 

i 

5 -.. j 

3**4 


h lii of importance to note 
that AE remains constant down to 
300^' K. At this temperature, ac- 
cording to some recent work,* one 
would expect that effects due to tunnelling would intervene. This w’ould 


• This energy is so much lower than the value ca 53K. Cals, obwrved on another 
charcoal, C. (ref. 1 ) lis to suggest that the gas prepared from carbide and employed 
in these chemisorptions might 

not be methane but hydrogen. — : : 


C-ousideration of the actual 
velocity constants for chemi- 
sorption of hydrogen and of 
methane on the two carbons 

C and F gave the following 

T«ip.*K. 

j 

K (Hydrogen.) 

K (Gu horn 
Carbide.) 

K (Metbane). 

940 


0*381 

— 

relationship : 

AHf — Carbon Cl, 
jfa* -- Carbon ^ 4 ' 

Ach* — Carbon C 1 

Sbo 

0*502 

0*380 

0*300 

0*330 

kcU4 ^ Clarbon F "^loo* 

The veloctties and energies of 

i 

0 - 53 * 

0*096 



activation of hydrogen sorp- 
tion on both carbons were a>m parable, but there seems something speciffc in the 
increase in K and decrease in E for carbon F« To show that the gases employed 
were methanes, a comparison was made of the sorption rates of the gas from 
aluxnininm carbide, hydrogen, and pure methane from another source. The 
results are as iffiown. 

• Bell, 1933, IJ9A, 460 ; Bawn and Ogden, Trans. Faraday Soe., 

*934. 43a. 
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cause an apparent increase in AE which is not realised in the experi* 
ment. One thus finds that quantum mechanical effects of the type 
indicated are absent in a reaction which should be very favourable to 
their occurrence. The magnitude of AE is that encountered in other 
heterogeneous processes, such as the diffusion of hydrogen through 
palladium ^ (830 Cals.) or the hydrogenation of ethylene by nickel * 
{700 Cals.). 


Summary. 


(1) The relative rates of sorption of proto- and deutero-molecules of 
hydmgen and methane on carbon indicate zero-point energy differences 
of 770 and 750 Cals, respectively. 

(2) The hydrogen sorption showed no tunnelling mechanism down to 
500® K., and no mass factor in the constant A of the equation 


(rate)H, 

(rate)D, 


Ae so that A 


I. 


The ratio of the velocities decreased in both sorptions as the temperature 
increased. 


I wish to thank Professor E. K. Rideal, K.K.S., for liLs continued 
interest in the work, and the 1851 Commissioners for an Overseas 
Scholarship. 

Laboratory of Colloid Science, 

Cambridge, 

* Farkas and Farkas, Proc. Roy. Soc., 1934, 144 A, 4O7. 

‘ Melville, I 934 » 797 - 


THE INTERACTION OF LIGHT AND HEAVY 
WATER WITH ALUMINIUM CARBIDE AND 
CALCIUM PHOSPHIDE* 

By Richard M. Barker, Ph D., M.Sc. 

Communicated by Eric K. Rideal. 

Received 1 st November, 1935. 

In a paper on the chemisorption of light and heavy hydrogens and 
methanes by carbon ^ it was shown that the differences in rate of sorption 
had all the properties of differences due to zero point energies. The 
differences, when expressed as, 

y ax 

«= Ae-xf, 

gave a value ol A ^ i. 

AE was constant between stx)® and 900® K., and no penetration of 
energy barriers could be detected. If reactions could be studied which 

^Barrer. This volume, p. 481. 
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proceed at room temperatures, an enhanced separation in the velocity 
constants might occur, and would imply quantum mechanical effects of 
the type discussed among others by Bell * and Bawn and Ogden.* 

Many measurements of heterogeneous processes have shown that 
a AE due to zero point energy differences may be set at 600-900 Cals., 
with considerable certainty, but a value of AE, as calculated from the 
above equation of about 2000 Cals, would at low temperatures imply 
tunnelling through energy barriers. A test of this could be made by 


observing 


^(AE) 


which should decrease rapidly with increasing tempera- 


ture until a constant value of AZ:, due to zero point energy difference 
only, was observed. 

Reactions which proceed readily at room temperatures are the 
decomposition with water of aluminium carbide and of calcium phosphide 
with liberation of methane and of phosphine respectively. It has been 

stated* that at (\ the ratio ^ was 23, a value suggesting 

a tunnelling process. Another methmi which did not, however, eliminate 
the possibility of exchange reactions, gave a separation factor of only 
two.* 


Experimental. 


The apparatus employed in the tlecomposition of carbide and phosphide 


is showTi in Fig. 
I. I^y mani- 
pulation of the 
twf>-way tap the 
light or heavy 
water (<|8 per 
cent. 1> content) 
could be dis- 
tilled on to the 
carbide or phos- 
phide. These 
had both been 
heated and 
thoroughly out- 
gassed under 
high vacuum, 
and during the 
distillation were 
immersed in 
liquid air. 
When the tem- 
perature was 
brought to room 
tem|:^rature re- 
action pro- 
ceeded and the 



ApmMTvs mR nronmamon 


CARBioes.pHOSPHioca Ano mTmrs 

Fig, I. 


velocities were 

followed by means of McLetni gauge or barometer. 

The amounts of material and of liquid water was such that during 


» 1933. 139A. 4^. • Faraday Soc .. 1934* 43 ** 

* Urey and Price, J. Ctow. Pky.iks, 1934. »* 3 oo* 

* Hughes, Ingold and Wilson, Natwe, 1934, * 33 i 
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reaction no appreciable decreases in the weight of either occurred. Under 
these conditions a zero order process was obtained. When an experiment 
was completed the light or heavy water was again brought back to the 

tubes H ,0 or D ,0 
TABLE I. with liquid air. The 


£xp. 

t (miDS.). 

p (crus. X 10 *). 

Pit (X lO*). 

Temjg^ture 

I 

39 

6-70 

1*73 

273 

2 

38 

5 00 

1*3-2 

^73 

3 

40 

4*8o 

1*20 

*273 

4 

22 

11-5 

5*-23 

287 

5 

28 

30 

1*40 

i 273 

6 

18 

II'O 

0*11 

287 

7 

37 

1 

5*95 

1*01 

273 


method allowed the 
same samples of car- 
bide and phosphide to 
be used wi^ both 
heavy water and light 
water, without de- 
.stroying either. This 
avoided the variability 
encountered with dif- 
ferent samples even of 
the same batch. Con- 
trol experiments were 


made throughout to 


show that the carbide or phosphide was of unchanged reactivity. The 
reaction with calcium phosphide was so vigorous that water vapour only 
could be used in the reaction. The twx>-way tap was opened and water 
vapour allowed to enter the evacu- 


ated system containing phosphide. 
This vapour then decompose the 


phosphide. 

The phosphide used was a com- 
mercial sample. The carbide w'as 
made by heating aluminium powder 
and carbon in an electric furnace 
in vacuo (thereby avoiding con- 
tamination by aluminium nitride). 

Results. 

The reaction 

AI4C, f I2H,0 - 4A1(0H), 4 - 3CH4 


Temperature 

Range. 

Teuiperature 

Coei&cieQt. 

Apparent Energy 

Of Activatkm. 
(Csh. 

■«73-287 

3*90 

15.200 

273 - 28 * 84 ) 

445 

14.200 

273-292*2 

5*45 

13.900 

273-291*7 

4*85 

13.500 



1 Average 14,200 


was studied between 273® and 293® K. A large number of experiments 
were made with light water to determine the temperature coefficient of 
the reaction, A sequence of these experiments is given in Table I. 

Similar scries of experi- 
T\BLF III ments were conducted be- 

tween 273 and 288*6, 292*2, 


0,0.. 

H,o. 

(Ciieclt). 



1 

1 

0*0137 

0051 

0-0121 

0*0127 

0054 

0*0124 

0-0133 

0052 

0*0123 

0*0159 

— 

— 

0*0148 

0*050 

0*0132 

0*0 141 Average 

0*052 Average 

00125 Average 


291*7® K.. and in Table 11 . 
arc collected the tempera- 
ture coe^cients and an ap- 
parent energy of activation 
calculated therefrom. 

The particttlar point of 
interest is the possibility of 
repeat^ the large separa- 
tion in reaction velocity 
(23 : t at 353® K.) repc^ed 
by Urey and Price.^ Since 
the same sample of carbide 
was used with both light 
and heavy water and con- 


trol experiments performed 
these results should be more accurate. The following results were obtained 
at 273® K. (Table III.). 



R. M. BARKER 


48$ 


From Table II 


knjO 
Ad,o 


— 3*9 at 273® K. We may conclude from this small 

ratio that no tunnelling through an energy barrier is involved, whilst the 
difference in zero - point 


energy needed to give 
the observed separation 


^H,0 


is 750 Cals. Since 

is nearly unity mass differ- 
ences are insignificant. 

The reaction of water 
vapour with powdered cal- 
cium phosphide according 
to the ei|uation 

Ca,P, -I 6H,0 2PH, - 
3 Ca(OH), 


TABLE IV. 


Exp. No. 

Time 

(mias.). 

PH, Press, 
(cms. Hg.) . 

Water 

Tempera- 
ture OK. 

I 

*5 

0*92 

D ,0 

290 

2 

*5 

I *08 

H ,0 

290 


15 

0‘9I 

D ,0 

290 

1 

JO 

I -08 

H ,0 

291 

2 

10 

0-89 

D.O 

291 

3 ! 

10 

iiH 

h;o 

291 


is limited by the rate at wliich diffusion can occur, and by the relative 
vapour pressures of light and heavy water (about 10 : 9 at room tempera- 
ture •). Table IV’. sh(>ws the results of a set of experiments. 

It was also shown that, when the vapour pressure of the water was 

constant, and the temperature of 
the phosphide w^as raised, the 
reaction velocity did not increase 
more than would conform to a 
v'r didusion in the material 
(Table V.). 

Discussion. 

The decomposition of calcium 
pliosphide by water vapour is an 
example of a chemical process 
controlled by a non-activated 
diffusion. It is impossible to control decomposition by liquid water. The 
much slower carbide reaction is governed by a chemical process without 
evidence of a superposed diffusion. In the carbide lattice are two kinds 
of aluminium atom plane and two kinds of carbon atom plane per lattice 
layer.’ Thus there may l>e different types of aluminium-carbon bond, 
and one cannot assign the activation energ>' to any particular type. 
The heat of the reaction 


T.VBI.E V. 


Bxp. No. 

Time 

(Khu.) 

PHt Press. I 
(cnif.Hg). i 

Tamperature 

>K. 

1 

10 

o*8<) I 

i<>o 

i 

10 

0-94 1 

31 1 

3 

1 1 

f*oo : 

2 ifO 

4 

10 

i oS 

3-25 

5 

1 1 

oS$ 

290 


Al.C, + - 4 Al(OH), + 3CH4 

is 35a K. Cak.* Therefore, the average energy per C — H bond formed is 
28 iC Cals., compared with w hat may be an average energy of activation 
per C — H bond formed of 14 K. Cals. That no process ascribable to 
tunnelling of energy barriers could be observed suggest that the barriers 
are much wider than thought at present, or that present-day calculations 
do not yet include all the important factors. 


♦ Lewis and MacDonald. J.A .C.5., 1933. W. W?* 

» Stackelberg and Schnorrenberg. Z. pMysik, Ck^m., i934» 37- 

•Tevebesi, Selv, Ckim. Acta, 1934* Intcmat. Critical Tables. 
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Summary. 

(1) The decomposition of aluminium carbide by liquid water has an 
apparent energy of activation of 14 K. Cals. The reaction rates for light 
and heavy water are as 3*9 : i at 273® K., corresponding to a zero-point 
energy difference of 750 Cals. There is no evidence of a tunnelling 
mechanism at 273° K. 

(2) The decomposition of calcium phosphide by water v^apour is 
governed by a diffusion process. At constant ^’ater vapour pressure the 
temperature coefficient is very small. The rates of decomposition by light 
and heavy water vapour are in the ratio of the vapour pressures of light 
and heavy water. 

I am indebted to Professor E. K. Ridcal for discussion and encourage- 
ment, and to the 1851 Commissioners for an Overseas Scholarship. 

Laboratory of Colloid Science^ 

Cambridge, 


THE THERMAL DECOMPOSITION OF LIGHT 
AND HEAVY AMMONIA AND PHOSPHINE ON 
TUNGSTEN. 

Bv Richard M. Barrlr, Ph.D., M.Sc. 

Communicated by Eric K. Rideai. 

Received ist Xovemher, 1935. 

The decomposition of ammonia on tungsten filaments has been studied 
by various workers,' between 2 and 500 mm. pressure. The reaction has 
not been adequately examined at low pressures. Schwab’s * work is con- 
fined mainly to the decomposition on platinum. The decomposition of 
phosphine on tungsten was studied by Melville and Roxburgh.* Both these 
reactions were re-examined, using proto- and deutero-molecules, mainly 
at low' pressures. The determination of zero point energy differences on a 
number of tungsten catalysts was not however the only reason for pursuing 
the investigations. There exists a wdde discrepancy in recorded energies 
of activation for the seemingly simple zero order ammonia decomposition. 
These energies range from 26 to 47 K. Cals. One can conclude cither that 
the methods of measurement are inadequate, or that the activation 
energy varies in a random manner from one tungsten catalyst to another. 
The latter consideration seems unlikely in viewr of the stability of a poly- 
crystalline tungsten filament when outgassed at 2000® C. We have 
therefore measured the energy of activation by the compensating fila- 
ment method.* This was done for both the phosphine and the ammonia 
reactions and trustworthy energies of activation were obtained. If 
a number of true energies of activation for the zero order reactions) 

^Hinshelwood and Burk. 1025, IJ7, 1103; Kuniman, 

1928, SO9 2100 ; Hailes, Trans. Faraday Hoc., 1931. 27, 6ot ; Motschan, Perevesen^ 
seffr Roginsky Acta Physicochimica, 1935, a* 203. 

* Schwab.. Z. pkysik, Chem,, 1927. ij8, 161. • 1933, 

* Forsythe and Worthing. Astrophys. J., 1935. 6l» 146^ 
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can be measured, absolute rates can be calculated, just as for homo* 
geneous processes. The well-known characteristics of polycrystalline 
tungsten filaments ® enabled the calculations to be made for the two re- 
actions here studied. 


Experimental. 

The reactions (xicurred on tungsten filaments of lengths 31 and 9 cms. 
and of O’ I mm. diameter. Each filament during reaction formed one arm 
of a Wheatstone's bridge. The bridge was kept in balance, and the cata- 
lyst so maintained at constant temperature, by increasing the total current 
through the bridge as the reaction proceeded. From the properties of ideal 
filaments,* the temjxjraturc could ^ calculated for a given filament current 
in vacuo. In the presence of the gas the current w'as increased until the 
resistance (and therefore temperature) of the filament was that already 
measured in vacuo. The cooling effect of the i mm. tungsten lead was 
iillowed ff»r by calculation as suggested by Langmuir, Maclaneand Blodgett.^ 
This does not yet allow the true temperature coefficient to be measured 
however. The velocity f»n the short filament at temperature Ti w’as 
next subtracted from the velocity on the long filament at Tj. The re- 
sultant velocity was taken as representing the velocity on the middle 
stH:tion {J2 cms.) of the long flament. This resultant velocity w^as used 
ti) dett'nnine energies cif activ^ation. 

Light and heavy ammonias and phosphines were prepared from mag- 
nesium nitride, and calcium phosphide, previously outgassed, in an appara- 
tus dcscnlKKl elsewhere.* The D-content of ammonia was estimated from 
\ ajx)ur pressure measurements, and of phosphine from density measure- 
ments. <»8 p<*r cent. I)|() was used in preparing NT), and PD,. Ammonia 
and phosphine were purified by distilling several times between liquid air and 
solid carlxm dioxide. Hydr<jgon was prepared electrolytically, and passed 
t)ver |ia Had lum -coated copper at 350'' C. and phosphoric oxide. Cylinder 
nitrogen (im per cent, purei was passc^d over palladium^coated copper at 
350" C . and through a liquid air trap. The filaments were thoroughly 
outgassed (several hours at .2000 C.) before use, and were also outgassed 
Ix^tween each ex^H-riment for 20 minutes at the same temperature. Under 
these severe conditiijus the catalytic activity was reasonably constant. 
After an exjieriment with ammonia a filament retained occluded gas, which 
with Urr an initial gas pressure 10 “• cm. was comparable in amount with 
this pressure. The pht>sphine decomp<isition gave negligible occlusion. 
I'his suggests that the cKcliided gas was nitrogen. For the phosphine de- 
composition a stoidiomctric relation held l>etween initial and final volumes 
a.H demanded by the equation 2 PH, ™ 2P 3H,, the phosphorous being 
<iefH»sited a.s the red \ iiriety on the glass 
walF. The ammonia decomposition wa.s 
more complicated. More gas was ob- 
tained finadly than the original pressure 
indicated. This was traced to a strong 
and relatively slow .sorption • by the 
walls of the reaction vessel. Typical of 
this sorption are the data here shown. 

Ammonia wm therefore admitted at 
a higher pressure than that at which the experiment was subsequently 
conducted, until the sorption was nearly completed. Some was then 
frozen out, a convenient pressure obtained, and after a further interval 
for desorption the run was commenced. 

* Becker, Rtv, Mod. Physics, 1935. 7* 95- 

* Langmuir. Physic. Rev., 1916. 7, 154 ; 1916, 7* 30*’ 

’ IM., 930. 35, 478. • Barrer* This volume, p. 487. 

* Cf. Burt, Trans. Faraday Soc„ 193** *79. 


Cms. X lo* 
Press. 


1*2 

0-85 

0-65 

0*50 

0-43 


Time (Mins.) 

0 

1 

2*5 
4-0 
5 5 

7*0 
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Kinetics of the Reactions. 

The ammonia decomposition was studied between 6 i x -lO',* cms. 
and 6*3 x lo-* cms. pressure. The reaction is nearly of zero order, except 
at the highest temperatures (Table I.) and lowest pressures, on the 9 cm, 
filaments. 

Similarly at the lower temperatures (ca 900° K.) at which measurable 
TABLE L 


Time 

Mios. 

Total Press. 

X xo* cxns. 


Temp. 1060° K. 


0 

6*6o 


I 

7*«5 

0*55 

2 

7-64 

0*40 

3 

8-24 

0*f)0 

4 

8*60 

0*30 

5 

918 1 

0*58 

6 

9*08 1 

0*50 

Temp. 1174° K. 


0 

10*0 


1 

15*26 

5*26 

2 

18-85 

3.39 

3 

21*30 

2 45 

4 

22-55 

1*25 


TABLE 11. 


Initial Press, 
tons . X 10*). 


J££L V 


io‘ == * 


(/ in min^.) 


o-6i 

0-37 

0*96 

0*52 

3*00 

0*62 

5*35 

0-04 

10*0 

0‘€)*t 

14-5 

083 

150 

0*93 

19*9 

089 

25-0 

1*00 

33*0 

j*oo 

05*0 

0*96 


decomposition occurred on the longer 31 cm. filaments, a good approximation 
to zero order was again found (Fig. i). A feature of the reaction wa.s the 
occurrence of a Jiero order velocity constant at 6*i x 10 cms. pressure of 
only 0‘37 times the velocity constant at pressures of 10 to cjo lo* cms, 
Al»o decomposition occurred with an initial pressure of 01 < 10 cms. 
until 7 X io*“* cms. pressure obtained in the gas pha.se. Both these effects 

were ascril^ed to sorption 
on the wails. The walls 
by giving off ammonia as 
that in the ga.s phase was 
clecomposed, acted as a re- 
serv*oir of ammonia w hich 
kept the gas phase and 
therefore filament surface 
concentrations nearly con- 
stant and so gave the ap- 
pearance of a zero order 
reaction on the filament, 
which could yet be lefw 
rapid than the true zero 
order process at greater 
pressures. On this basis 
the relation between the 
initial value of d/^/di and 
the pressure should be that of an isotherm, of which the initial curvature 
is controlled by the sorption isotherm of ammonia on glass, and of which 
the last portion is controlled by the saturation concentration at the 
tungsten surface. The relevant data, collected in Table II., and Fig. a, 
show that this is indeed the case : 





4 1 f [p m cmij 
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Over a sixteen-fold increase in pressure there wasa 2-5-fold increase in 
velocity, and then above about lo-* cms. the velocity remained constant. 




The of phosphine decomposition were not complicated by 

■ftriftwwi on the walls and enabled an interesting change in the order of the 
reaction with varying pressure to be fdlowed. 
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On a 31 cm. filament between lo-* and lo-* cms. pressure Fig. 3a shows 
that a first order reaction was obtained. On a 9 cm. filament at pressure 

(15 to 20) X XO-* 

TABLE III. cms. pressure the 

plot of Log 

(press.) against 
time was defin- 
itely curved, 
showing a re- 
action of inter- 
mediate order 
(Fig. 36). Finally 
at pressures of a 
few millimetres a 
zero order reac- 
tion was found 
(Fig. 3c). The 
kinetic equation 
for the reaction 


§1 

i-a 

1 Press. PH, 

(cans. X lo*). 

k from £qn. (i). 

Time from Eqn. 
(a), (Mins.). 


-2307 



0 

5 

2007 

40 

4*5 

u 

18-51 

31 

9*7 

13 

16-97 

3*4 

130 

2 1 

13*57 

3*3 

21-2 

31 

10-23 

— 

30*5 

41 

7*11 

3*3 

410 

51 

4-89 

3*2 

50-9 

61 

3*07 


61-9 

I 


of intermediate order, at 860^ 


or. 


dpldt -- aph -r hp 


K. was either 

~dpldt-^kp\ . . , . (I) 

(with a 0 0227 and b 26-60). . {2) 


as is shown by the data of Table III. 
Freundlich or a Langmuir isotherm. 

The most interesting way to 
follow the transition from first to 
zero order is by measuring the 
half-life period as a function of 
pressure. At low pressures the 
half-life (/|) should be independent 
of pressure, and at high pressures 
proportional to it. These pre- 
dicted relation.s are realised in the 
data of Table IV. 

The experiments establish that 
the real rate determining process 
is unimolecular with respect to 
phosphine. Fig. 4 shows the re- 
lation between the half-life period 
and the pressure at two different 
temperatures, on a 9 cm. fUaunent. 

Energetics of the Reactions. 

The velocity of thermal de- 
composition of ammonia on 9 and 
31 cm. filaments was measured 
over a range of temperatures. 
Excellent linear graphs of Log {k) 

against j {T - ''K.) were ob- 
tained. The slope for the 9 cm. 
filament is greater than for the 
31 cm. filament, the apparent 
energies being respectively 52*3 
and 43 K. Cals. The correspond- 
ing rate equations are : 


The rate equation thus follows a 


TABLE IV. 


1 

Pr«s X lo» i 

•i , 

1 It-x lo*. 

(cmt.). 1 

(muK.). 

1 ^ 


9 cm. filament 972** K. 


127*9 

iO’4 

0-000 

. 12*7 

4 05 

0*1 24 

17*4 

2-90 

0-167 

10-2 

2-26 

0-222 

4 M 9 

l-8i 

0 * 4 1 3 

1 93 

1-62 

1-00 

0-83 

1*30 

1-58 

«*44 

I-IO 

2-50 

01 89 

I'JO 

5-82 

31 cm. fllameiit K« 


»i '5 

8-88 

0*109 

74*5 

8-80 

0118 

16*6 

4-60 

0 277 

9*9 

3*30 

0*330 

9*8 

3'35 

0-328 

9*5 

3*40 

0*368 

5*0 

2 40 

0-480 

40 

2*10 

0-520 

1-74 

2*25 

1-29 

0*70 

2-20 

2*92 

0*44 

l‘6o 

3 *fi 4 

0*245 

1-30 

5*30 

0123 

i' 3 o 

12*20 


LOgl. • ^1 = 7-409 - 
Los,. . Kt = 6-474 


• (*) 

. W 
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From the linear graphs of Log K against i/T, the value of A, — A,) was 
obtained at two different temperatures. The integrated van’t Hoff isochore 


Log, 


(A, - A,)^ . _ 
(A, - A.)„ - 


A/ I I 

A\r, T, 


) 


then gave the true value of E for the zero order reaction as 42*400 cals/grm. 
mol. for 22 cms. of the central zone of the 31 cm. hlament. The true rate 
equation is then 


(^i - K,) 6*35 - 


42,400 

2*303/?r 


1 he energy of activation for the decomposition of phosphine was 
calculated from the relationship between the half-life period (/J) and the 



temperature, and also fn»m the value <»f dp/dt at constant pressure and at 
various temperatures. The temperature coefficient was not the same at 
all pressures for a given rist* in temperature. The relationship between 
derived energies of activation i - » and E, for the reaction proceeding as a first 
and an apparent zero order reaction respectively is E, AH, E, where 
AH, is the heat of sorption of the phosphine on tungsten. The values of E 
as a function of pressure are given in Table V. 

TABLE V. 


9 cm. filament. T, - <k>i" K. T, 972* K. 


i < mM , X i<^). 

1 

W)r./Wr,- 

£{K. Cab.). 


£(K\ C«a}. 

0*23 



3*0 

26*6 

0-47 

2*74 

24O 


— 

8-00 


— 

3‘7 

32*0 

14*00 



— 

— 

tB*oo 


— 


31*3 

34-00 


330 

— 

— 

127*00 

^99 

34 '^ 
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Similarly for a 31 cm. filament between 878‘8‘’ K. and 919*2® K. the 
following values were obtained : 

Press (cms. io*l. £ (K. Cals). 

0*41 26-5 (First Order Reactions) 

9’0 31*5 (Intermediate Order) 

80 -o 32*5 (Approximate Zero Order) 

From the differences in the extreme values of E of 10 and 6 K. Cals, for the 
9 and 31 cm. filaments one can assume A//, to be about 8 K. Cals. The 
rate equations are : 

and 

f ^ P \ _ , 32.500 


2-303KT 




5-39 




for the long and the short filaments respectively. From these relations when 
Log dpfdt is plotted as a function of i/T the true energy of activation 
may be derived, since 

From the values of d/)/df at 800® and 900*^ K., and employing the inte- 
grated isochore one obtains. 


Log 


0*00273 


U- 


_}_\ 

ijooJ ' 


TABLE VI. 
Initial Pressure 


0000274 2*303i?i8oo 

whence E == 32,200 Cals. 

The Influence of Products upon the Velocity of Decomposition. 

It has been shown that hydrogen has no effect upon the decomposition 
of phosphine.* It has been stated by Schw'ab • that the ammonia decom- 
position is retarded by the resultants, whereas Hinsbelwood Burk and 
Hailes * consider the reaction to be unretarded, in spite of a known strong 
sorption of hydrogen by clean tungsten,** or of the possibility of nitriding 

of the filament. A new series 
of experiments was carried out 
on the infiuence of hydrogen, 
nitrogen and oxygen on the 
ammonia reaction. In an ori* 
enting experiment the filament 
was heated in ammonia at 
J700® K. until the latter was 
decomposed. Residual hydr^ 
gen, nitrogen and ammonia 
were pumj^ off, but the fila- 
ment was not otttgaased, and 
retained occluded gases. A 
subsequent experiment at 984® 
K. gave the same velocity of 
decomposition as did the out- 
gassed filament. The wire 
(o*x mm diameter and 31 cms. 
ten it was subsequently glowed 
ifiuence. Further investigation 


Gas 10* (cms.) 

Reaction Velocity. 

Hydrogen. 

0 

0*82 

6*6 

0*94 

0*98 

11*4 

16*5 

j*oo 

17*9 

103 

23*5 

o«88 

30*4 

j*oo 

Nitrogen. 

0 

0*75 

13'6 

0*78 

28*7 

0*91 

long) gave off 0-25 c.c. of gas at JT.T.P. 
at 2200° K. Thus occluded gas bas no 


Roberts, Proc, Camb. PhiL Scc»^ » 934 # ^ * V 4 * 
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Oil 


•was carried out by adding various initial pressures of hydrogen and nitrogen 
and observing the decomposition velocities. The results of Table VI. show 
that these gases 
had no observable 
influence. 

Oxygen on the 
other hand pro- 
duced definite re- 
tardation. Am- 
monia was ad- 
mitted, and the 
run commenced at 
975 K., the usual 
zero order reaction 
being obtained. 

The ammonia was 
frozen out, and the 
oxygen at 2 x 10 
cms. pressure ad- 
mitted to the fila- 
ment at 600® K. 
and then pumped 
ofi. The original 


^•4 


as 


i)‘ 6 \ 


formed 

4^ 

f 

w 


1 

s 


-n 

Decompost hon of NHy 
on Tunqsttn 

Inthoi Pressure * n I 5 xf 

V^ems 


^aertoA 



Time [mtns] 

iZl 



I ' lc . 5. 


experiment then recommenced the value of d/?/d/ being first negligible 
and then increasing steadily towards the original value, apparently due 
to a process of clean-up of the oxygen film which restored the original 
catalytic surface. Finally the experiment was repeated with some gaseous 
oxygen present, clpfdi was now no longer positive (t.c.. an increase in 

total pressure with time) but 
TABLK VH. “ 


Cat A I- VST A. 


d/> (h 


9 CM. Filament, o-i mm. oiam. 
Txmf. 1085 K. 

(M> 3 . 

D.) 


negative.** The results are 
summarised in F'ig. 5. It is 
of interest that the effect of 
oxygen is not permanent at 
975" K. 

Relative Velocities of 
Decomposition of 
Proto- and Deutero- 
Molecules. 

Three samples of ammonia 
of D-contents 98 per cent., 
30 per cent, and o per cent, 
were prepared. These were decomposf.’^d on three catalysts A, B, C. The 
results of a number of the experiments arc summarised in Tables VII., 
VTIl,, IX. 

TABLE VIII. 


. lo*. (NH,. 

dp <1/ • lu 

H. 30% I> ) 


o*7i 

0*3 1 

0*63 

<^* 5 .i 

0-70 

0-54 

0*04 

0*49 

— 

0 - 5 J 

0*57 

0*52 


For the gases of the com- 
[>usitions of the Table ML, 
a difference in zem point 
energy AE of 550 cals. /mol. 
will give the observed separa- 
tion. Assuming a linear re- 
lation between D-content and 
A£, the AE for pure NH, 
and ND« is 800 cals. /mol. 

For catalyst B, AE 790 
cals/grm, mol. for the pure 
gases NH, 


Cataylst B. 31 cm. Filament. 01 mm. diam. 
Temp. 95 ^^ K. 

dpidt X io». (NH 
98 % D.) 


dp/d/ X io». (NH,. 
100 % H.l 


0*285 

0*370 

0*270 

0*312 


0173 

0250 

0*208 

0*2X0 


** Pnsisuxes were measured with a Macleod gauge, so that water vapour pres- 
sures ace not given adequately. 




Catalyst C. 31 cm. Filament. 01 mm. diam. 
Temp. 990° K. 
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For Catalyst C, = 890 cals/grm. mol. for the pure gases. The values of 

AE agree with the experi* 
TABLE IX. mental errors with each 

other, and the value 900 
cals./grm. mol. given by 
Taylor and Jungers at much 
higher pressures.'* It is of 
importance to note that AE 
is constant within the errors 
of experiment for a sur- 
face process wherein various 
tungsten catal3rsts were em- 
ployed. 

Experiments were made 
on similar lines with PHj and PD,. The separations encountered were 
smaller. Values of d/)/d/ were derived from pressure-time curves, and, 
as for ammonia, the relation 


dpidt X io». (NH„ 
100 % H.) 

0*71 

0-88 

0*92 

0*84 


dpidt X 10*. (ND,. 
90 % D.) 

0-57 

0*52 

0*53 

0*54 


L°8(^)pH./©)pD,-'-4r 


was used to calculate AE. The results of numerous experiments on two 
different catalysts D and E are summarised in Tables X. and XI. Again 
both catalysts D and E gave the same separation A£ of 550 cals./grm. mol. 
for pure PH, and PD,. 


TABLE X. — Catalyst D. 9 cms. Long, o t mm. diam. PH, and PD, 
(98 PER cent. D cont.). 


Pr»s. X 10*. 

dp,di X io». 

Ratio. 

Terop. ‘K. 

AE (CaM ] 

PH.. 

1 PD,. 

12 

1 0238 

1 

_ 1 






ot 7 i 

1*42 

Hf»0 

600 


! 0-252 





0*5 

— 

0*400 





0*595 

— 





— 

0*420 





— 

0*416 

1*3« 


590 


0*550 

, — 




1 

— 

1 0*420 



1 

8-5 

— 

0*f)92 





0*935 

— 

J*32 

930 

5^0 


— 

0*729 




9-5 

^•53 

— 





— 

207 

1*25 

973 

490 


262 

__ 





Mean Value, E 550 Cals. 


» Taylor and Jungers, J,A.C.S., 1935» 679. 
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TABLE XI.—Catajlvst E. 31 cms. Long. o*i mm. diam. PH, and PD, 

(80 PER CENT. D). 


Pratt. X 10* 
(cmi.). 

R.tlo^PH./2-fpD.. 

Temp. •K. 

Mean E (Cate,) for 
100 Vet Cent. ri)>. 

9 

1-27, 1-27 



7 

1*24, 1*29 

873 

490 

5 

1*23. 1-31 



9 

I-<2, 1-62. 1-34. 1-43 



7 

1 - 53 . >- 47 . «- 34 . >-57 

S30 

*x>o 

5 

1*27, 1-32, 1*20, 1*43 



i 

9 1 

1*34. 1-25. I 40 



7 

1*20, 1-27, 1-34 

819 

5*0 

5 

1*20, 1-37. 1-36 




Mean Value, AL' - 510 Cals. 


Discussion. 

Since hydrogen has no influence upon the reaction rates ior either 
phosphine or ammonia, it is improbable that the evaporation of a tungsten 
hydride layer is a rate determining step. Since, however, proto* and 
dcutero-molccules do not decompose equally fast, in both reactions re- 
arrangement of hydrogen bonds is involved. Thus evaporation of 
tungsten-nitride or a tungsten-phosphorus layer is not a rate controlling 
step. For the phosphine decomposition our experiments establish that 
the rate determining step is a true first order reaction ; and the same is 
most probably true of the ammonia decomposition. 

The simplest theory’ supposes that the energy' is communicated by 
tlie underlying solid. Then : 

Rate - No, {/> . v) . e . . • (l 

Where No, — the number of molecules adsorbed /cm.® and v iut-j the 
dimensions of a frequency, and is often identified with the characteristic 
frequency of the solid. The factor p allows for deactivation before 
reaction, and for the participation of many degrees of freedom in supply- 
ing the activation energy (f/. Eqn. (2)). More explicitly the equation 
bt^omes : 

Rate No. f (Hj, «) ^ . e . e . • (2) 

Here /(£|, n) expresses the effect of n degrees of freedom or tiie rate, 
« is the rate at which the preactivated molecules become critically acti- 
vated and decompose, supposing no deactivation occurrt^d and ^ is the 
rate at which deactivation takes place. f{Ein) ^ i ; xjfi ^ 1. The 
transition state method gives the rate as : 

No.C.FJF,.KTIh,e^^^^ , . . (3) 

Hinthelwood* 1935. 

^^Tolman Sutistic&l Mechanics; Chem. Cat. Co.'* 1^17, Eyring, J, Chem. 
Phys., 1935, 3^ 107 #/ «/. 
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C is the reciprocal of the number of times the activated state must be 
be crossed before reaction occurs. and are partition functions for 
the activated and normal states respectively. however does not 
include the partition function of the co-ordinate in which decomposition 
occurs. The partition function of this co-ordinate is included in the 
factor KT jh . T has the maximum rates, at the temperature 

1000° K., according to (i), (2) ; and (3) respectively “ equal to 

5 X 10^* . and 2 X lo'* . 

where the £’s are not defined in quite the same w'ay ; 

E=^E^ + 2 :[f.{vT)]^RT, 

if E is obtained from the expression 'hj'bT . log(rate) = E/RT^, In what 
foIlow^s we shall neglect 2 ^{vT^], Also v in (2) is taken as equal to the 
lattice frequency of tungsten. 

At saturation No = 7*0 x 10'^ mols./cm.* (one PH, or NH, molecule 
per two W atoms). The ratio 1*4 : i gives the ratio of real • to apparent 
surface. 

The rate constants at 1000° K. and at 900° K. for the ammonia and 
phosphine decompositions are respectively r 34 X lO“* cms. /minutes 
and 273 X lO”* cms. /minute. Equation (l) gives a value of p = lO"* 
and 1-4 X 10 ”^ for the ammonia and phosphine decompositions re- 
spectively (assuming v = 5 X On the basis of equation (2) 

this is to be interpreted as a small ratio a// 5 . When v ^ KT/h ^ 
2 X lO^*, and E = (E, — RT), as in the equation (3) the values of 
C , F'JF^ become 2 X 10 “^ and 3 X lO"* for the ammonia and 
phosphine decompositions respectively. A restriction on the validity 
of these calculations is the assumption of a uniform catalytic activity 
of the surface.^* 

It is interesting to collect the energies of activation recorded for 
each reaction in the series (see table on opposite page). 

The most uncertain method of measuring filament temperature seems 
to be direct determination of resistance, which often gives much low^er 
energies than do measurements by other means. 


Summary. 

I. The thermal catalytic decomposition of axnmonia on tungsten 
filaments has been studied betwee 6 x 10“* and 6 X xo*“* cms. pressure 
at temperatures between 950^ and 1150° K. The thermal catalytic decom- 
position of phosphine has been stuped between lo-^ and 2 x 10*** cms. 
pressure, and from 800° to 970® K. On various tungsten catalysts the 
^monia decomposition was over early stages a rcro order reaction. To- 
wards the end of decomposition, or at the lowest pressures the velocity fell 
as the ammonia pressure decreased. The kinetics of decomposition of 
phosphine could be followed from a first order reaction at pressure 10-^ to 

^*This calculation assumes that has the value uxiity^ and that 

P^f(Fv wig of equations (i) and (2) have the value unity. Often these 

quantities are less than unity, /(£„ n) can however be greater than unity. 

” Roberts work (P.R. 5 ., 1935, 152A9 445) sugge^ that after strong out- 
gassing (> 2000® K.) and then exposure to residual gas from the w'alls of the 
apparatus, about 12 per cent, of the tungsten atoms omy should remain denuded 
of oxygen under the conditions of our experiments. The remaining 88 per cent, 
very quickly takes up a stable atomic film of oxygen. 
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Worker. 

i KfcActifiti Hnrrgy of Activation. 

' Temperature Measurement. 

Hinshelwoofl and 

Burk 

N'H, Decoiii- j 7 (zero order) 

positir>n < 

Resistance. 

Taylor and Jungers 

i 35 0 .. 


Kunsman 

473 .. 

Optical Pyrometer 

Hailes 


Resistance 

Perevesen.se If, 
Motscham aiul 
Koginsky 

4-2 » .. 

Optical Pyrometer 

Barrer 

‘ 4-*4 .. 

' 

1 

\ 

Current-Tem|>erature. 

1 Characteristics of 
ideal filaments and 
compensating fila- 
ment method. 

Melville and 

Roxburgh 

( 

PH, iJecom- 25 (Inter. Order) 
}H)sition 

Compensating fila- 
ment method 

fi;iiTer 

1 

f 

i 

25 (First order) 

2 (Approx, 
zero order) 

Compensating 
filament methcHl. 


5*0 * lo * cms., to an intermt^iiiiitc i»rdfr reaction from lo"* to 5 - lo-* 
cms., and an approximate zero order reaction at pressures ca lo-* cms. 

i. The rate determining step in l)Oth reaction involves a rearrangement 
of a hydrogen l>ond, since se{iaratu>iis were <»bservcd in zero-point energy of 
Hoo to cjoo Cals, in the case of proto- and deuteneammoma, and 550 Cals 
in the case of proto- and deutero-phosphine. The rate determining step 
in the phosphine deciiin position is iinimolin.'ular. 

3. Hydrogen and nitrogen have ni> inriuence upon the velocity of 
catalytic decomposition of ammonia . Oxygen -treated catalysts are tem- 
porarily p<nsoned but recover their activity at least in part as the reaction 
proceeds. The presence of a little gaseous oxygen alters the nature of the 
(k*coni|)osition at 1000 ' K. 

4. Energies of activation wer<* measured by a compensating filament 
methtnl which eliminates the ertf'ct of end lossc^s. The energy of activati<m 
for the itero order ammonia decom{>ositiori was 42-4 K. Cals, and for the 
first order phosphine decomptisition 25 K, Cals. The zero order phosphine 
decomposition gave an energy* of activation of 32 2 K. Cals. Calculations 
were made r>f the al>solute rates, which were respectively and 

the ammonia and the phosphine decompositions, of the rate given by 

— d« df \i\ 

It is a pleasure to thank Protessor E. K. Kideal, F.R.S., for his 
interest an<l advice, and the ExJiibition Commissioners for an 

Overseas Scholarship, 

Laboratory of Colloid Science^ 

Cambridge, 
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In Parts lA and II.* of this series, the results of rneasurtMiients of 
E.M.F. at 25^^ C on cells of the type 

Pb;pba.+ KCi/;J|(,|l^^„,, 

were described, the values of (PbCljl and of [KCIJ beinft varied indepen- 
dently over the complete concentration range up to .saturation. It was 
shown that, by suitable application of the Gibbs-Duhem equation * 

A’jd In ^ -f A’,d In + iV,d In ^3 ^ o 

to the experimental results, the values of and of a, could be calculated 
for all solutions in equilibrium with the three solid phases PbCl, ; PbCl,* 
KCI, 1/3 H, 0 ; and 2PbCl|, KCl, utilising the values given by the 
electrometric data, and taking the value of a, for a saturated KCl solu- 
tion (free from PbClj) from the w’ork of others. In a liquid phase con- 
taining PbCl,, cannot be directly determined, but, on the other hand. 
Oj is given by the relative aqueous vapour pressure of the solution. 
Such measurements therefore not only can be used to check the value> 
of calculated for the saturated solutions mentioned above, but also, 
when applied, in conjunction with the knowm aj values, to unsaturated 
solutions, or to solutions in equilibrium with solid PbCl*, wilt permit 
of the calculation by the Gibbs-Duhem equation of the value of in 
such solutions. The work described in this paper was undertaken with 
these two ends in view. The working out of the experimental technique 
took a considerable time, as did the measurements theimelves. In 
addition, curious anomalies were encountered with solutions in the 
neighbourhood of 0*8 N, KCl, the same region in which the E.M.F. and 
phase equilibrium data had also proved difficultly reproducible.* The 
upshot was that, except in this region, no result.s with unsaturated solu- 
tions were obtained. 


Apparatus. 


We requireil a method capable of giving vapour pressures to an accuracy 
of o-i per cent., i.e. in our case, to about 0*02 mm. of mercury. Methods 
which could not be used in presence of a solid phase were inadmissible, and 
methods involving prolonged boiling of the solution to remove dissolved 
t^uled out, in view of possible disturbance from hydrolysis of 
PbCl,. Direct methods, depending on the lowering in height of a baro- 
metric column of mercury, were dismissed as not being capable of the 


\ 33, 470. * IM ., 1933, 

1 ij *^efer to the molar numbers and activities of 

phaiw respectively, the a values all being taken as unity for the pure 

* Ref. 2, p. 6^k). 


679. 

PbCI,. KCl 
condensed 
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requisite accuracy, apart from minor objections, and the differential pres- 
sure method perfected by Lovelace, Frazer and Sease • was clearly too 
laborious in view of the large number of data required. This limited us, 
at that time, to the use of a dynamic or streaming technique, and we 
hnaily settled on the recently devised method of Pearce and Snow,* which 
promised both the required accuracy and relatively easy and rapid mani- 
pulation. 

In this method, a stream of electrolytic gas is passed at a constant rate 
of flow, controlled by an ammeter, through a series of saturators of special 
design, immersed in a thermostat and containing the solution under ex- 
periment. The aqueous vapour is caught in absorption tubes and w-eighed. 
From the number of mols. of electrolytic gas passed, exactly known by in- 
cluding a silver coulometer in the electrolysing circuit, the weight of water 
carried forw’ard, and the barometric pressure, the vapour pressure of the 
solution is calculated by direct application of Dalton’s Law. We employed 
essentially the apparatus as described by Pearce and Snow, introducing 
one or two modifications found by experience to give more certain and 
reproducible results. The electrolyaers, six in number, were connected 
in series with an adjustable resistance, an ammeter and the loo-volt D.C. 
main. A coulometer could be included in the circuit as and when desired. 
Each consisted of a 3-litre wide-necked bottle, charged with 25 per cent. 
NaOH, and closed by a cork driven flush with the top level of the bottle, 
through which passed the gas outlet and two conical ebonite bushes which 
carried the electrodes. After filling and inserting the cork, the whole was 
sealed by a thick cap of paraffin wax. The electrcxies were vertical con- 
centric cylinders of nickel gauge. 4-5 inches high and 2-3 inches in diameter, 
their lodges being rivetted by nickel wire into slots cut in ^inch nickel rods, 
which passed through the ebonite bushes mentioned above. A tubular 
glass separator prevented any possibility of chance contacts between the 
electrodes. 

The coulometer consisted of a 130 c.c. platinum crucible, in which was 
suspended a pure silver rod anr>de, surrounded by a porous alundum cup. 
The composition and purity of solution, current density, etc., were in ac- 
cordance with the usual standard specifications. The combined output 
of the electrolysers passed along a delivery tulx?, where its pressure was 
measured by a water U •manometer, through a regulating tap, to the 
barrel of which was sealed a long glass arm to ensure accurate setting, and 
to the pre*eaturator. This w*as about 10 inches long, and of the pattern 
designed by Bichowsky and Storch ^ and used by P^ce and Snow\ It 
was charged with water, and kept at a steady temperature between 25°-27® 
by electrical heating, the whole being lagged with asbestos wwl. The gas 
current, sui)er8aturated with aqueous vapour, then passed to a battery of 
eight further Minirmtors of the same t>^ as the pre-saturator, arranged 
in series in a thermostat at 25^. The first seven contained the solution 
under investigation and the last was empty. Slight condensation of w^ater 
took place in the first saturator, e<^uiUbrium was finally adjusted in numbers 
2-7, and the absence of any trace of liquid depmit in 8 at the end of a run 
was looked on as showing that no spray was Mng carried forward. 

The gas finally emerged through a vertical tube from the end of the last 
saturator. This was electrically heated above water level to 40^-50® C. 
to ]9tnr*ent any possible loss of water by condensation, and terminated in a 
mercury-seal cup, to which the abaorher w’as connected. This contained 
glass wool, cut into short lengths, and coated with P,0| b>’ shaking the two 
materials together. The packing had the advantages of large absorbing 
surface, lightness and negligible resistance to flow\ The original pattern 
of U-tube absor^r used was modelled on that of l¥arce and Snow. Oc- 
casional difhculty when flUing, owing to P,Ot getting betwwn the sides of 

* y. Amet. Ckfm. Soe,, iqib, 38* 315. 

• J. Pkyak. Ckem., 1^27, jl, 231. 

’ /. Amtf\ Ckem. Sot., H115, 37* 2f>9b. Fig. 2. 
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the U and the tap barrels, led to its replacement by one closed by ground 
glass caps fitting over cones ground on the outsides of the limbs of the U. 
The apparatus train terminated in a guard tube containing 

The most important modification in the apparatus as compared with 
that of Pearce and Snow was the introduction of the regulating tap and 
manometer. With the electrol>^rs connected directly on to the pre- 
saturator, it was found impossible to obtain a steady rate of flow of gas 
through the saturators, the gas tending to bubble out through the apertures 
on the lower side of the inclined tubes, instead of passing up inside the latter. 
By working with a steady pressure of about 20 cm. of water inside the 
electrolysers, this trouble was completely avoided, and a smooth flow of 
the required rate obtained. The gas pressure in the saturators themselvc's 
was of course not affected by this procedure. 

A few other points of practical interest may be briefly mentioned, 
(i) The actual rate of flow was limited by the capacity of the coulomcter 
and by the necessity of avoiding any spray production. A current of 
o*35-o-4 amp. was found suitable under our cxjnditions. (ii) The optimum 
temperatures of the pre-saturator C.), and of the exit tube from the 

saturators (40^-50® C.) were worked out from experience. In the latter 
case, too high a temperature was found to lead to mercury l>eing carried 
forward from the mercury seal into the absorber, whilst too low a tempera- 
ture resulted in excesssive condensation of moisture in the side arm of the 
latter, (iii) The packing of the absorber required care. If done too 
tightly, the increased resistance to gas How caus^ a rise of pressure abovt» 
atmospheric in the last saturator (the method of calculation assumes this 
to be one atmosphere) leading to low results. Any such effect was madt* 
evident by rises in pressure in the mercury' seal and in the gas-generator 
manometer. It was only once experienced during the work. Towards 
the end of the experiments, a small manometer tulx? sealed into tlie cap 
on the filler of the last saturator, gave direct evidence that the pressure 
inside the latter was atmospheric, (iv) When filling the saturators with 
solution at 35° (see later), there was a tendency towards formation of a 
condensed film of moisture on their upper inside surfaces w hilst cooling to 
25®. Until this had been sw'ept away by the stream of gas, the measured 
vapour pressures naturally tended to lx; high, .subsequently falling to the 
correct value. In practice, the trouble w'as readily avoided by tilting the 
saturators to and fro after filling. 

Experimental Procedure. 

The heating currents were switched o*' and the cleancxl and dried 
saturators placed in the thermostat and connected up. IHire water was 
put in the pre-saturator. Some 600 c.c. of the solution under examination 
were prepared at 6o‘'-7o"* by the addition of the requisite amounts of KCl 
and PbCl, (analytical reagents) to boiled out distilled w^ater. When using 
solutions saturated with PbCl, or one of the double salts, about 20 per cent, 
of PbCl, over and above that required to form the actual saturated solution 
at 25® C. was used. After cixding to 35'', the solution was charged inti> 
saturators 1-7, the last l>eing left empty. Residual solution was kept in a 
vessel in the thermostat, and subsequently analysed. The absorber was 
filled, air dried by pass^e over i m. of CaCli followed by 1 m, of PtOs 
drawn through it for thirty minutes,* the absorber then cleaned by wiping 
and hung with a suitable counterpoise in the balance case. The platinum 
dish of the coulomcter was cleaned, heated to 150**, and axjled in a dessi- 
cator. The electrolysers were switched on, without the coulomcter in 
circuit, and gas^ passed through the saturators overnight. 

On the following day, absorber and platinum dish were weighed, the 
coulometer assembled, the absorber fitted with the guard tube and, 

• Preliminary experiments showed both that the air stream was sufficiently 

dried and that no PjOg was carried forward in this process. 
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simultaneously! the coulometer switched into the circuit and the absorber 
attached to the mercury seal of the outlet from the saturators. A run 
lasted five hours. Every hour the barometer w^as read to o-i mm., and its 
pressure corrected to o® C. and 45® latitude. At the end of the run, ab- 
sorber and coulometer w’ere simultaneously removed. Dry air was sucked 
through the former for thirty to forty minutes, thus replacing the electro- 
lytic gas, and carrying forward on to the PiO* any moisture condensed in 
the side-tube. Absorber and counterpoise were then wriped clean, hung 
in the balance case, and w^eighed an hour later and on the following day. 
The solution was siphoned off from the platinum dish, the deposit w'ashed 
with distilled water subsequently siphoned off, the dish heated to 150^, 
cooled in a dessicator, and weighed an hour later and on the next day. 

The vapour pressure of the solution p is given by the expression 

. _ p ^ mols. water vapour 

^ mols. water vapour plus mols. hydrogen and oxygen 

where P is the corrected atmospheric pressure. Inserting the electro- 
chemical equivalent of silver, this becomes 

p P . ‘‘ H.U 

18010 ^3-973 

where and represent the increase in weight of absorber and 

coulometer dish respectively. 


Results. 


Oranis PbCl| 

1*^100 in-ams ! /» (mio.). 
HjO. 


Table I. contain.s the results of measurements with pure water, with 
.saturated solutioii.s of 

KCl free from PbCl,, TABLE I. 

and with a few solu- 

tions unsaturated (.raut!. Kci (,ranw pw:i, 

^vith respect to Ixith 

components, the KCi * _ * _ _ 

concentration usually , 

being in the neigh- » 1 00 : 0*0 \\ 

bourhood of o*7qi .U. - -23*78 | 1-0000 

(59 grams KCI/iooo •* I, ^ . I •*3-79 ji 

warns H The Saturated- o o 2013 ■ - 

grams n,u). me ^ notanaU^d 00 jo ii - 

relative pressures in ' i<,-99 ! '’•«4of. 

the last column, as 111 ' «> ° , io-o8 j 0 S444 

the next Table, are 70 i I 'Saturated! I | 

calculated on the 73 | 40 | 0*38 23*40 * 0 0840 

basis of the ftgure 7^ ! 5^ O'O ^3 43 o*^5J 

for of 2378 mm. 75 ' 5^ i ^‘5o I 23-15 0-0735 

obtained in Expts. 1 j 2*00 j 23*25 t 0*9777 

and 2 72 58 1 1*71 : 0 9979 

Table 11 con- JJ34 0-9615 

^ 77 59 ; 10 23*10 0*0752 

tains the results of i <>0 j 0*85 j 23-77 ’ o*oqo6 

measurements on sol- ! I ’ ! * 

utions saturated with 

a solid phase containing IMH'lt. 


In Fig. i the results of Table II. arc plotted in the form of relative 
pressures against KCl molality, whilst Fig. 2 contains the data • up to 

• All molalities mentioned in the text refer to KCL 
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l*i M, plotted on a larger scale. The dotted curves are the relative 
vapour pressure curve for solutions of KCl free from plotted from 

the concordant data of Lovelace, Frazer and Sease,^® Pearce and Snow,* 
and Hepburn.*^ The chain curve represents, down as far as 0791 M, 
(point B — ^invariant point with PbCl2 and 2PbCl2, KCl as solid phases), 
the relative vapour pressures of the saturated solutions actually dealt 
with in this paper, as calculated in Part II. We should expect our own 
points to fall on this curve, which is clearly not the case. The concen- 
tration range 0’678-079i M., inside which were observed the abnormally 
high vapour pressures italicised in Table II., obviously requires separate 
discussion. Apart from these experiments, inspection of the Table 
shows that, out of eighteen solutions on which two or more measurements 
Avere made, in ten cases the figures differed by 0*02 mm. or less, this being 
the standard we originally 
aimed at ; whilst in four 
instances (at 0*204, i*o88. 

1*65 and 317 the dis- 
crepancies exceeded 0*04 
mm. In two of the.se 
< ases, extra measurements 
indicated one of the two 
discordant values to be 
the more probable, On 
^even solutions, one mea- 
’^urement only was made. 

Examination of Fig. i 
suggests that, in two of 
these cases (2*74 and 4*40 
1/,) the ob.served values 
were too high by perhaps 
O’ 10 and o*o6 mm. tv- 
spectively, but that the 
other measurements were 
of a much higher degree 
of accuracy 

Omitting these two 
doubtful values from con- 
sideration, it appears 
that, starting with the most concentrated solution (in equilibrium with 
l>oth KCl and PbCl,, KCl 1/3 H^O) and passing towards more dilute 
solutions, there is very* little difference between calculated and observed 
values up to near the invariant point C (solid phases PbCl*, KCl, i /3 H^O 
and aPbClj, KCl). The concentration here is 3096 M., and the cal- 
culated value of 0*8995. Tabic II. shows this to be one of the values 
actually obtained at 3*17 M . ; the difference between found and cal- 
culate values in this region would be about 0*04 mm., the former being 
the liigher figure. From this point down to 1*812 Af., there are unfor- 
tunately no experimental points available for comparison, no weight being 
laid on the single determination at 2*74 A/., as has already been mentioned. 
The course of the experimental curve from this concentration onwards 
iippears reasonably well defined ; it would seem to run above the curve 

Afmr. Ckem, Soc., t^2t, 43, loi. 

Tmms. Ckem, Soc,, 1932. 553. 
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for pure KCl solutions at a distance corresponding to A/> circa 0*04 mm. 
until near 1*3 M,, then to rise rapidly to a maximum value of A/> circa 
015 mm., then to approach the KCl curve and to cut it at about 0*7 ii/., 
passing beneath it and away to a maximum distance corresponding to 
about 0*15 mm., and finally to approach it again, finishing below it at a 
value corresponding to the vapour pressure curve of a saturated aqueous 
solution of PbCIj. 

The calculated curve, on the other hand, runs below the curve for 
the pure KCl solution, its distance steadily increasing from about 2 M. 
downwards, until, at about i M., it reaches a maximum value w'here Ap 
is 0*15 mm. ; after which it rises more rapidly, finally shooting uj:>wards, 
crossing the KCl curve at o*8l M. and ending at 0-791 M. (point marked 
by triangle) with a value of a^ ~ 0-9822. Until 0-8 3 /., where the ex- 
f)erimental and calculated curves cross, the former is above the latter, 
and by distances corresponding to values of Ap which are throughout 
much greater than the experimental error — thus, by about 0*i mm. at 
1-8 M, and perhaps by 0*25-0-3 mm. between 1 to 1*2 M. KCl, a region 
which corresponds to a concentration range on the equilibrium diagram 
over which (PbCljj is changing ver\' slowly with change of [KCl].'* 

We do not think that the data recorded in this paper can be seriously 
questioned ; the reason for the discrepancy must lie in the FIM.F. 
figures from which the calculated curve was obtained, or in the graphical 
integration by means of which these data were worked up, using the 
expression 

|d log as - * 

If we consider this integration between the invariant point C and a 
( oncentration just over 0-8 Jl/., the point at which the experimental and 
calculated curve.s cross, then experimental and calculated values of 
A log become identical, i.e. the area obtained by plotting / (N) or 
— iVi)/A’3 against log aj over this concentration range is numerically 
correct, and the discrepancies under discussion are to be asciibcd to in- 
correct correlation between the f (M) and the log aj values when plotting 
these against one another. This, in it> turn, may be due either to in- 
correct or to insufficient E.M.F. data, the latter because interpolation 
of experimental values is necessary when drawing the graph of E.M.F./A j 
before carrying out the graphical integration. Inspection of Table II., 
Part II., shows that only five experimental values of E.aM.F. were available 
between point C and I, whilst, between this concentration and 

0-8 M., the experimental data were so discordant that recourse had to 
be made to extrapolation devices when estimating the figures finally 
used (Table III., lac. cit. 2). 

.Assuming our experimental results to be represented by the full line 
in Figs, I and 2, we have accordingly applied to them the above equation 
in the form 

A log «, = ^ **» 

floean 

The experimental curve was divided into a number ol sections, each with 
its definite terminal figures for o,, A', and {iV, is always 55*5). The 
terminal values of (2A', — Ni)jNs were calculated from the known 


“See reference a, Fig. i. 
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composition of the liquid phase, and the mean value taken This was 
divided into A log a, obtained from the experimental data, and A log Oj, 
i,e. the increment in log when passing from one end of the concen- 
tration section to the other, thus calculated. When / (A') was plotted 
against log the result was a strip of area equal to Aloga3. Com- 
mencing aj the invariant point C (Ag ~ 3-096 ; / (A^) =0-1142), where 
log a| is 1*2796, this procedure was followed down to Ng = 0-9, the 
t oncentration range being divided into seventeen sections, a method 
which reduced to a minimum any inaccuracy involved in assuming 
f (N) to be a linear function of log inside any particular section. 

The plane figure obtained was practically identical down to 2-25 M, 
with that constructed when working up the E.M.F. data in Part II., in 
accordance with the fact that, over tliis concentration range, the ex- 
perimental and calculated curves for run close to and parallel to one 
another (Fig. I). Below* this point, the area of the new* figure became 
progressively greater than that of the former one, corresponding to the 
increa'^ing divergence between the experimental and calculated curves 
for tig. ki A'3 = 0-9 iJ(S} 0*0326), log was 1*8043, whereas the 
electrometric data, on which the former graphical integration was based, 
liad given 1*762. Wlicn, u>ing the expression 

loga^ ~ {t>‘4^37 - ^-;/<>02957, 

the Vr4lue< of /: were <*alt ulated systematically over the whole concen- 
tration range from the new diagram, it became plain that in.sufficiency 
01 E.M.F. data was not responsible for the divergence between the 
experimental and calculated values of <jj,. Down to 2 M., the calculated 
vaiiio of I: fell on the old experimental curve. But at lower con- 
cent r.itions they were below tho>e ai tualiy determined, the discrepancy 
being aliout o*o(K) 3 V(»lt at 1-5 d/., rapidly increasing below 1 *3 M., reaching 
a maximum ot > u-<X)2 volt at 1-05 — i-i M. ^concentration of maximum 
flilTerence between experimental and calculated values), and then 
(liiuimslung. The values of Uj ciectrometrically determined, as in the case 
just quoted, are lower than those calculated from vapour pressure measure- 
ments. Attention has already been drawn to the discussion in Part II 
of the discordant results obtained when exp)erimenting in this concen- 
tration region, both when attempting to determine the exact shape of the 
ecjuilibriuni diagram and in the measurement of E.M.F. In the latter 
case, solutions pre.suincd to be of the same composition made up at 
different times gave E.M.l .s differing by amounts up to 0-0CX)3 volt. 
Returning to the / {X)l log aj diagram under discussion, a further point 
of considerable interest arises. In order to complete it, it must be carried 
to the non -variant point B, where PbClj is one of the solid phases and 
log Oj consequently o-o. This non-variant point has been approximately 
(see Part II.) fixed at concentrations of KCl and PbCl^ which give a value 
of / (A) = 0-0283, ^ figure which will not be seriously affected by the 
uncertainty regarding the exact position of B. Taking these facts into 
account, the increment in log ^3 w*hcn passing from A^3 = o*9, where 
logaj is 1*8043, canmi be less than 0*0283 (o-o-— 1-8043), i.e, 

<^•00554 and will probably be greater. At A', = 0-9, (experimental) is 
<^*975 atid log <13 0*9890. It follows that, at B, logaj will be at least 
^*9945 2tnd a^ at least 0*9874. The / (A}/log a^ diagram when completed 
graphically gives 0*0400 as the most probable value for A log a^ when 
gMtssing from C to B. At C, log 03 is 1*9549 ; hence it is i *9949 B ^t^d 

18 
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is 0*9883. The experimental curve for in Figs. I and 2 has been 
extrapolated in this way to point B (denoted by square on diagrams). 
Like the curve calculated from the E.M.F. data, it bends up very sharply 
at the end ; but it must be realised that its construction in the present 
case does not involve any E.M.F. data other than the figures correspond- 
ing to the two non-variant points bounding the solubility cur\’e of aPbCI,, 
KCl. About the essential correctness of these, there can be no reasonable 
doubt. 

The value of 0*9883 for ^3 at B, obtained from these two E.M.F. 
measurements and our own vapour pressure data, lies then far above the 
two direct determinations (0*9767 and 0-9756— see Expts. 53 and 54, 
Table II.), which it would be natural to regard as normal, whilst falling 
below the third, abnormal value (0*9954 — Expt. 52). It furnishes an 
independent reason for considering that the abnormal figures in general 
(italicised in Table II.) found between this value of and 0*678 are 
not merely due to some unu.sua! experimental error. Similar high 
vapour pressures recorded for unsaturated solutions in the .same KCl 
concentration region are italicised in Table I. We ourselves, whilst 
being unable to explain their spasmodic appearance, do not doubt that 
they represent the actual vapour pressures exerted by the systems in 
question under the experimental conditions. They were never ob-^erved 
except with .solutions of values between 0*678-0*804 (30'6t> grani'i/litre 
KCl). Four out of seven experiments with unsaturated solution.^ in this 
concentration range gave abnormally high vapour pressure value'*, and 
ten out of sixteen experiments with saturated solutions. The result'^ of 
the sequence of Expts. 55-74 is of interest. Expts. 55-65 were on solu* 
tions between 1*65 M, and saturation and gave normal results ; in Expt. 
66, A’j w'as 0-782 and the vapour pressure exceptionally high ; Expts. 67- 
70 (KCl 1*032 M, and saturated) gave normal results, whilst in 71-72. 
A'2 lay in the critical range and the results were high ; in Expt. 73, A'2 
was 0-536 and the vapour pressure normal, whilst Expt. 74 (A’j — 0-804; 
gave a ver)* high figure. 

One of the abnormal values (Expt. 78, Table I.) wa.s given by a solution 
containing KCl only, its vapour pressure being almost i per cent, above 
the generally recognised figure. I’npublished measurements ot Dr. 
L. Nickels have shown that the minimum of the viscosity-molality curve 
for KCl solutions at 25*^ C. lies at aoout 0*75 A/., and the view that a 
“ negative ” viscosity is due to the depolymerising effect.s of the solute 
on the molecules of the solvent is well known. Monohydrol would, of 
course, have a ver>^ high vapour pressuie at 25^ and it would only need 
a slight displacement of the normal equilibrium between it and its 
polymers to cause a considerable rise in the vapour pressure of water. 
These facts suggested that an intensive investigation of the vapour pres- 
sures of pure KCl solutions in this concentration region might give results 
of interest. Such work has been done, using a variety of experimental 
methods. Some ver>’ curious and some quite normal results have been 
obtained, and it is hoped shortly to publish them. 

Omitting consideration of the abnormal region, the general course 
of our experimental curv'c furnishes evidence of the presence of complexes 
in solution, in agreement with their isolation in the solid state. At low 
KCl concentrations, the effects of the dissolved KCl and PbClj on the 
vapour pressure of the solvent tend to be additive. As [KCl] increases, 
complex formation becomes so important that the vapour pressures of 
the solutions actually exceed those of solutions of pure KCl of the same 
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KCl molality. Further increase in [KClj causes this effect to become 
relatively less important, and the curves approach one another again 
The observations made in the region of the abnormal vapour pressures, 
as also the sudden changes in slope of the experimental curve between 
I and 1*3 M. show, how'ever, that this simple conception is insufficient 
to explain completely the nature of the system. 

Thermodynamic treatment of the experimental curve at KCl con- 
centrations below B is impossible owing to the ill -defined values of ^3 in 
the critical concentration range. 

Summary. 

(1) rhe measurement at 25^ C. of the aqueous vapour pressures of 
solutions containing KCl and PIjCIj in equilibrium with various solid phases, 
as also of certain unsaturated solutions is described. 

(2) The results are not in agreement with previous calculation.s made 
fnim electrometric work carried out on the same system. .\n examination 
of the discrepancies leads to the conclusion that the electrometric data are 
<;f insufficient accuracy. 

(3) Over a narrow' concentration region, abnormally high aqueous 
vapour pressures, approaching that of pure water, wore frequentlv ob- 
served. This region is the same one in which discordant analytical and 

data had previously been obtained. 

I hoc* experiment*' were carried out during the sessions 1927-29. 
One of us (E. H.) wishes to acknowledge hi> UKiebtedness to the De- 
partment of Scientific and ln(lu.*>tri.d Ke<e.in'h fur a maintenance grant 
received by him over lhi> period. 

I’niversity of London, 

Kind's College. 


THE ABSORPTION SPECTRUM OF SULPHUR 

TRIOXIDE. 

I’iV K I’AJ.ANS AND t'. F. (ioODKVE. 

Received December. IQ35. 

No measvirements of the absorption spectrum of pure SO3 have been 
recorded. Dutt ' studied the absorption of SOj-SOj mixtures and 
claimed to be able to eliminate the effect of the former, “ Continuous 
absorption from 3300 to 2600 A and from 2300 A downwards was found 
and attributed to SO3. The present investigation in which the SO3 
content is reduced to a very low value, has not confirmed these 
conclusions. 


Experimental. 

The absorption spectrum of SO, was examined by means of a small 
Hilger quartz spectrograph, E. 370, and later by a medium Hilger quartz, 
3. \Vave-iengths were determined by com^iarison with a copper arc. 
A hydrogen discharge tube was used as a source of continuous ultra-violet 

‘ A. K. Dutt. fVor. Roy, 60c.. 1932. I37A« 306. 
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light. Absorption tubes of 54 cm. and 346 cm. lengths were used. Joints 
between quartz and glass were sealed with sodium silicate and aged by 
leaving in contact with gaseous SO, for some days. As SO, attacks 
mercury even when dry, pressures were measured by means of a calibrated 
quartz Bodenstein gauge.* 

The SO, was prepared by distilling in vacuo pure fuming sulphuric 
acid and fractionating between traps cooled in liquid air. The first and 
last fractions were rejected by seaUng off the requisite traps. Removal 


3000 A. 2800 A, 2500 A. 2350. 2200 A. 



Frequency — Wave Numbers. 


Fig. 1. — The absorption curve of sulphur trioxide (full line) and of sulphur 
dioxide (dotted line — approximate curve). 

of the dioxide by fractionation is insufficient as it is reproduced rapidly 
during a measurement by photodecumposition of the SO,. Complete 
elimination of the absorption bands of SO, down to 2200 A. was obtained 
by streaming the purified gas rapidly through the absorption tubes between 
traps at the ends. 

The first photographic exposure was taken with liquid air on the traps 
and intensity of the light reduced a definite amount by means o£ a 
rotating sector. The liquid air was then removed and the desired pressure 

• J. W. Goodeve, Trans^ Faraday Soc^ 1934* JO, 501. 
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and velocity of flow of SO, obtained by careful regulation of the tem- 
peratures of the end traps. With the sector open a second exposure 
through the gas was taken in an adjacent position on the photographic 
plate. A third adjacent spectrum was taken identical to the first, to test 
the constancy of the light source. The extinction coefficient a was ob- 
tained for the wave-length of the “ match point,*' by the equation 

where p is the pressure in mm. of Hg, / the length of the tube in cm., and 
S the sector angle. 1'he molecular extinction c was calculated by the 
fxiuation, 

where c is the concentration in gram molecules per litre, calculated assum- 
ing the temperature- to lx* 18*^ C Ih-essures in the range of i to 160 mm. 
were obtained and cf>uld 1 h* kept constant to within 5 per cent., except 
l>elow 10 mm. 


Results. 

The al>sorj)tion sfH'ctrum of sulphur trioxide was observed between 
3000 and Z200 A and hmml to consist of weak diffuse bands superimposed 
on a continuous background. 7'he logarithms of the extinction coefficients 



Flo. -The absorption in the region of the diffuse* bands. 

obtained as described above are shown in Fig, i, plotted against frequency. 
It w^s found impossible to obtain reliable measurements below 2200 A. 
owing Ui the verv strong SO, absorption in this region. 

The observed' diffuse bands were of an unusual type. The maxima of 
absorption were flat and the minima sharp as indicated diagrammatically 
in Fig 2. The distance between the minima was found to be approximately 
constant and equal to 430 W.N. It may be possible at some time to 
correlate this with a fundamental frequency of the molecule. The diffuse 
liands appear to extend to about 2700 A., but above 2500 A. they could 
not be measured with certainty. These bands cannot be attributed to 
SO, as they occur at the position of minimum absorption of the latter. 
It is uaUkely that they are due to other impurities as they always appeared 
with the same intensity under the same conditions. They are probably 
predissociation bands. 


DiscttsaloQ. 

The observations recorded here indicate that the absorption of SO3 
is of a different character and in a different position from that found 
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by Dutt. He claims that “ it is possible to eliminate the SO, bands 
from the plate by putting an excess of oxygen in the absorption chamber 
and then filling it up with SO, vapour. According to the law of mass 
action the partial pressure of SO, is veiy^ considerably reduced by the 
addition of O,.” It is well known that even in the presence of a catalyst 
SO, does not react with oxygen at room temperature. 

Approximate values of the extinction coefficients of SO, have been 
calculated from the results of Garret * and from a photometric curve 
of Kornfeld and Wcegmann.* These arc indicated by the broken line 
in Fig. 1. It is seen that at some wave-lengths one part in one thousand 
of SO, is sufficient completely to mask the absorption of SO,. The 
coincidence between the limits of abwsorption found by Dutt and those 
for SO,, coupled with the above argument, leads to the conclusion that 
his observ'^ations were due to the presence of the dioxide. 

The decomposition of SO, into SO, and normal O atoms requires 
81*3 K cal. (Landolt-Bomstein). This corresponds to a wave-length 
of 3500 A. It is probable that this is the primary’ photochemical process 
in most of the ultra-violet range. Coehn and Becker * found that SO, 
decomposes photochemically by light transmitted through Uviob 
glass (transparent • to about 2500 A). At wave-lengths below 2500 A, 
it is possible for excited D oxygen atoms to bo produced. 

Our thanks are due to Professor Donnan for his interest and en- 
couragement in this work. 

The Sir WiUiam Ratnsay Laboratories of 

Inorganic and Physical Chemistry, 

University College, London. 

* C. S. Garret, Phil, Mag., 1916, 31, 505. 

* KomfeJd and Weegmann, Z. EUhirockemie, 1930, 36, 789. 

* Coehn and Becker, Z. Elektr,, 1907, 13* 545 ; Z. pkysih. Ckem.. tgto, 70, 88. 

* Weigert, Opt. Methoden d. Chemie, p. 54. 
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1 . In a previous communication,* 1 showed that the remarkable 
behaviour of rubrene towards oxygen in light is accounted for in the 
following way. Rubrene in the dark has the formula 1 , in agreement 
with the fact that either in solution or in the solid state, it is stable to 
air provided it is kept in the dark. If the solution, however, is irradiated 
a photoequilibrium occurs between the normal form and the diradical 

• Annalen, 1935, 518, aoo : Ber., 1934, 67, 633. 

• Ibid.. 1934. 67, 633. 
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form (II). The latter, containing as it does two trivalent carbon atoms, 
can form a peroxide (III), by the addition of oxygen. 
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Recently I pointed out further * that chromanorufen (IV) and tetra- 
phenyl-p-quinodimethane (VI) are to be regarded as the analogues of 
rubrene. Their solutions in the absence of light arc extremely stable to 
oxygen, but in light they quickly lose their colour, as in irradiated solu- 
tions a photoequilibrium is set up between the normal and diradical 
forms (V and VH). The latter, on account of their trivalent carbon 
atoms, can react with oxygen. 
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2. It will now be shown that similar considerations can be applied to 
anthracene and its derivatives. The assumption that anthracene and its 
derivatives can exist as diradicals has been made repeatedly. For 
example. Ingold and Marshall • showed that a solution of 9-l0*diphenyl- 
aarhracene (VIIl) changes its colour on warming and explained this fact 
by a.H$viming that heating shifts the equilibrium between the normal form 
(VllI) and the diradical form (IX) in favour of the latter. 
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Dufraisse and Etienne^ also recognised that 9-10-diphenylanthracene is 
capable of forming an equilibrium mixture VIII ^ IX. Clar ® states 
that the characteristic properties of anthracene derivatives can best be 
accounted for by equilibrium formulae of the type represented by X XL 
In the case of one derivative, 2-3-6-7-dibenzanthracene, a deep coloured 
compound, he assumes that it exists ow/y* in the diyl-form XII. 
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i I !i I 

H 

X. 

All such considerations deal with the occurrence of diradicals in thermo- 
equilibrium with the normal molecules. This assumption, liowever, is 
not in accordance with the following facts. No peroxide formation in 
the dark has been observed in the case of anthracene, q-io-diphenyl- 
anthracene, and 2-3-6-7-dibenzanthracene, h'urthcr, magnetic measure- 
ments on 2-3-6-7-dibenzanthracene, contrary to Clar's jissumption, have 
shown that this compound does not exist entirely in the diradical form. 
If in thermoequilibrium its molecules exist in the diradical form, their 
concentration is so small that they cannot be detected by nuignetic 
measurements.'^ Summarising, it can l>e said that on the whole there is 
little experimental evidence for the existence of a ///^rmoequi librium of 
diradicals in the field of anthracene, though the work of Ingold ® shows 
that in certain cases such equilibria probably occur. 

I believe, however, that in iriadiatcd solutions of the above compound^ 
a /)/w?/<?equilibrium exists between the normal and the diradical form-'. 
On this assumption it is easy to explain why irradiated solutions of 
anthracene, 9-10-diphenylanthracene, and 2-3-6*7-dibenzanthra(‘cne reat t 
with oxygen. It is simply a que-stion of the action of oxygen on the 
trivalent carbon atoms of the />/u?/<?diradicals IX, XI, and XII. The 
formation and structure of the oxidation products of anthracene and 
9-10-dipheaylanihracene have been d:finitely established by the investi- 
gations of Dufraisse and Gerald,* and Dufraisse and Etienne,* They 
possess the formula: XIV and XV respectively. The structure of the 
compound formed by the action of oxygen on 2-3-6-7-dibcnzantJuacenc 
is unknown, 
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• Comptes retidus, 1933, 301, i«o. » her., mji. <t$, 303. 

• Ibid., 1930, 63, 2967. 

’ Milller and MiUleT-Kodlofi, Annaten, 517, 140. 

• Comptes rertdus, 1933, aoi, 428. » ibid.. 280. 
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The photopolymerisation of anthracene to dianthracene (XIll) is also 
most readily explained by the a'^sumption that the diradical XI i^^ an 
intermediate. It is not proposed to discuss in this paper whether XIII 
is formed by the direct combination of two diradicals or by means of a 
more complicated process.^®* 

The objection might be raised that a photodimerisation of 910- 
diphenylanthracene has not yet been observed, and this used an 
argument against the theor>’ of biradical formation in irradiated solutions 
of 9-io-diphenylanthracene (IX). The non -occurrence of the dimeric 
9-io-diphenylanthracene XVI, howevei, is probably due to its thermo- 
lability and, in my opinion, does not contradict the theory outlined above. 
From our knowledge of the relationship between constitution and stability 
to heat, the compound XVI mu>t t>e thermolabile, and, indeed, consider- 
ably more labile than the rather thermolabile dianthiacene which de- 
composes above 1 50® into two anthracene molecules 

It may be for this reason that the presence of XVI could not he 
detected, possibly the compound at room temperature being incapable of 
existence or of existing for only a limited time. To avoid a lengthy 
discussion, I will content myself by pointing out the following analogies : 
l>ianthracene I XIII) related’^to the compound XVI as 1-1-2-2-tetra- 
phenyletham* (relatively thcrmo->table) to hexaphenylethane (thcrnio- 
labilc) ; as I ^-diphenylhydrazine (relatively thcrmo-stablc) to tctui- 
phenylhydrazine (thermo-labile ; ; or as irithiobenzaldehyde (XX'II) 
(thermo-stable) to trithiobenzophenone (XVlIl). This last compound 
IS so thennolabile that no method for synthesjsing it has yet been found. 

1 1 S H > 
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*®C 7 VVeigert anU Jackh. hafUn, 1027. 15, 1.24. The above 

ideas of the photochemical transformation of a SN'stem of conjugated dor ole 
bonds to a biradteal s>*stcm 
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have nothiug in conuimn \siUi the considerations of other authors who assume 
that in irradiated solutions of anthracene the following process takes place, in- 
volving the rupture of an ethane linkage. (C/. Weigert. Na/urunss , 15, 124 ; 
Wetgert ami Pruckiier, Z. pkysik Bodenstrin Festband, 1931, 775) . 
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Formula XI. contains tnvalent carbon atoms, one of the \^lences of each 
of these atoms being saturated with hydrogen. Such an assumption hnds support 
m the existence of a similarly built mbnoradical formed by a reaction in the dark. 
(Q. Witt^ and B. Obermann, Ber.. 1935, 6S« aai^) (added iti proof), 

** W. Jgckh. Dissertation, Leipstg, 1927, p. at. 
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Reactions which might be expected to form it, yield instead its dissocia* 
tion product thiobenzophenone.^* 

3. The fulgides possess certain properties which have been difficult to 
understand, but which can be readily explained by the diradical theory 
as the following example shows. Tetraphenyl-fulgide (XIX) is changed 
by light into the tw'o isomers XXI and XXII.'* 

This reaction is difficult to understand if one starts from formula XIX 
for tetraphenylfulgidc. Assuming, how’ever, that it is a question of a 
reaction of the diradical XX, then the reaction can be simply explained. 
There are many analogies to this mechanism in the field of free radicals. 
For example,'* the formation of XXIV from XXIII in the course of a 
dark reaction, 

W. Schlenk and E. Bcrgmann have assumed that the molecules of 
certain fulgides are in //temocquilibrium with diradicals and that the 
concentration of the latter increases with rise in temperature. In this 
way they have tried to explain the reversible alterations in colour which 
certain fulgides undergo on w^aiining. 
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** C/. SchOnberg. Bet,, 1920, 6 j, 195, 

’^Observation by H. Stobbe. Described by J. Houben in his MMaden der 
<^y(;anischen Chentie, Vol. H., p. 1033. Letpxtg« 192a. 

Wittig and Leo, Ber., 1931, 64, 2^69; MnlSin and Mllller*^Rodlod, AmmUen* 

1935. 5 * 7 * ' 4 ^^- 

Ausf^hrhches Lehrbuck det organischen Chunie, VoL L, p. 520. 
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4. The photochemical change of maleic and fumaric acids into one 
another has been explained by the assumption that both acids possess 
the same excited electron state (FJekironenzustand) with a single carbon 
to carbon linkage brought about by absorption by molecules of either acid. 
Olsen formulates the process as follows : 

— C — — C — 

1; 4- /zi/ ] 

— C-- 


Therc exists, from the standpoint of the biradical theory, great similarity 
between maleic and fumaric acids on the one hand and the compounds 
I, IV, VI, and VIII on the other, since the last four compounds can also 
t>e converted by light into diradicals. Whether or not this similarity is 
<|uantitative will not be fully discussed here. If the analogy holds quan- 
titatively, then for example in tlic case of diphenylanthracene the 
equation VIII + Ai' = IX must hold, but the formation of the diradical 
IX may be more complicated, e.g. 

VIII 4 - Aw =r= diphenylanthracene*. iJipianiylanthracene* means that 
the molecule is in an excited condition which differs from IX, and that 
IX results from diphenylanthracene* by secondary reactions in the 
dark, possibly through collision with one or more molecules of VIII or of 
the solvent. Similar modes of formation of the other diradicals which 
have been discussed in this paper can be postulated. 

5 . The capacity of diradicals to exist in equilibrium in the dark has 
long been knowm.*^ In the case A, the accepted view' has recently been 
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confirmed by mtigneto-chemical measurements.'* It will be very difficult 
to prove the existence of diradicals in irradiated solutions of I, IV, VI, 
VIII, X, and XIX by magnetic measurements. The equilibrium point 
between the normal and the corresponding diradical depends among 
other things on the intensity of the effective frequency of the light used. 
Where the life-period of the photo-diradical is short, it wdll be difficult to 
obtain photo*systems in which the concentration of the diradicat form 
is reasonably great in comparison with the concentration of the normal 
form. Such conditions, however, are necessaiy for the detection of 
diradicals by magnetic measurements (f/. the lack of sensitivity of the 
known experimental methods). 

Eugen Muller states that radiated solutions of rubrcnc cannot be 

Trtms. Fmtradav Sac., *93** ay, 09. Compare also K. F. Bonhoeffer and 
P. Haitack« OnmdUi^^n d^r PMoeJurmie, Dresden and Leipsig. 1933 * P- 

'' Cf Schlenik and Brauns. Brr., 1915, 4S« 71O. 

*• MUlier and MttUer-Kodloff, Annai^rn, 1935, '44^ 

Miekir 0 ck$m,, 1934* 4^* 54^- 
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distinguished from non -irradiated solutions by magnetic measurements. 
His results have been used as an argument against the diradical theory,**^ 
This, however, is not applicable for the reasons given above. In addition 
in Muller’s paper no details whatever are given about the optical condi- 
tions used. (Intensity of the radiation frequency, conditions of absorp- 
tion.) Muller himself .^eems to hold that his experimental results do not 
contradict the diradical theory. 

It might be asked why, in irradiated solutions of rubrene, there is 
considerable chemical reactivity of the diradicals although their concen- 
tration in photo-chemical equilibrium is ver\^ small. It should be pointed 
out that for the chemical properties of the photo system I II the 
decisive factor is not the relative concentration of II but the quickness 
with which II is regenerated when the photo-et|uilibrium I ^ II i.s di.*'- 
turbed by chemical reactions. This is the reason why irradiated solu- 
tions of rubrene react quickly with oxygen even when the relative con- 
centration of the biradical form is ver\* small. All that has been stated 
above about rubrene solutions can be applied to other photosystems. 

6 . It must on no account be assumed that the photo-chemical forma- 
tion of diradicals i.s limited to the formation of two trivalent carbon 
atoms within one molecule. A case in point is that of thiophosgene 
(XXVII). Recently, with Stephenson,** i showed that the photodinurisa- 
tion of thiophosgene doe.s not yield the compound XXX as had pr4*viousIy 
been assumed, but that the photodimer had the .structure XXIX.**® The 
process is analogous to that of the dimerisation of anthracene, and it 
can be assumed in this case also that in the irradiated solutions of tliio- 
phosgene a pAo/o-chemical equilibiium exists (XXV'II XXXTII). 
Evidence for the analogy is further found in the properties of the dimers 
XIII and XXIX which depolymcrise on heating. 

The quantum scn.sitivity of the photo-chemical polymerisation of 
anthracene has been frequently investigated.** It might perhaps be 
desirable to test the above views and hypothese.s of the polymerisation 
of anthracene in the .system XXVH XXIX, but circumstances do not 
permit me to do so. Since thiophosgene i.s red and the photodimer XXIX 
colourless, it would be ea.sy to estimate colorimelrically the concentration 
of thiophosgene in any given system. Consequently, the quantum yield 
should be easily determined. 

yCl Light a 

s:c( > 

Darkness • • 

XXVII XXVIII 

S 

Cl . S . C . C CL 

XXX 

Unfortunately, the number of organic photu-cJieinical reactions which 
have been investigated wiili regard to their quantum sensitivity is small, 
since only a few' reactions are suitable for such investigations. I might 
mention in this connection iJie photodecomposition of the colourless ion 

*• Cy. Richtcr-Anschutz, Chemit der KohUnstaff Vetbin 4 unf* 0 n, izth edition, 
Vol. II. , part 2. p. 651, X935. 

Annalen, 1935, 517, 14O, ^ Ber,, 1933. 567. 

This formula has just been confirmed by Delaine and co-workers, BuU, 
Soc. Chim., 1935, 1969 (ad(Ud in proof), 

“Luther and Weigert, Z. phystk. Chemie, 1905, gl, 297 ; 1903, fij# 384; 
Weigert, Ber., 1909, 42, 830 ; VVeigert and jftekh, SaturwisMtnschajten^ 195*7, 

124 ; Byk, Z, pkysih. Chomie, 1908, 6a, 434. 
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a^-diphenylthiol -at/J-di (diphcnylcne-cthane) XXXI.** The decomposi- 
tion product XXXld is red, so that it is easy in this case also to estimate 
the quantity of decomposition product colorimetrically and from this 
the quantum sensitivity. 
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The author thanks Dr. Neil Campbell for his assistance in the trans- 
lation of the manuscript, and acknowledges his profound gratitude to 
Professor (i Barger for his hospitality. 

Summary. 

1. The author shows that from his earlier work on irradiated solutions 
of rubrene a photoeqiiilibrinm (I ^ Ip between the normal and diradical 
form is set up. In order to explain the different chemical properties of 
irradiated solution of certain anthracenes, fulgides, and thiophosgene in 
comparison with those of iion-radiated solutions, he assumes that an 
-analogous photoequilibrium occurs. I he phenomena of photo-oxidation, 
photoisomerisation, and photojKilyrnerisation in such solutions are thus 
explained, 

2. The (litficulty^ or imptmibility of establishing the presence of di- 
radicals in these photoequilibria by magneto-chemical measurements is 
<liscussed. 

}. It IS shown, from the structure nf the photodimer of thiophosgene 
previously advanced by the author, that the photo jxilymcrisation of thio- 
phosgene is an analogous process to that of the photopolymerisation of 
anthracene. The consequences arising from this are discussed. 

4. By considering the relationship Ix'tween constitution and stability 
to heat of organic comptmnds, it is explained why the dimers of certain 
photmiiradicais are incapable of existence. 

University af Edinburgh 

{Medical Chemistry Departniefit), 

»*Sch6nlierg and Stolpp. Annaien, 483, 102. 


REVIEWS OF BOOKS. 

The Teaching of Chemletry in the Universitiee of Aberdeen (Aberdeen 
University Studies No. 112). By Alexander Findlay (Aberdeen: 
The University Press. 1935. Pp. viii 4- 92), 

Ptolessor Findlay has traced the history of the teaching of Chemistry 
in Aberdeen from the earliest period until 1914* Chair of Chemistry was 
founded in 1793, although private lectures on the subject had been given 
^ One of the professors was Thomas Clark (1833-1860), who dis- 

<^overcd metaphosphoric acid and invented the water^softening process. 
Other weU«jknov.m names are Camelley and Japp : the account closes uith 
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the retirement of the latter. Professor Findlay has dealt with his materia 
in a very skilful way, and the result is a work of scholarship w'hich is at 
the same time full of interest on the personal side. 

J. R. R 

Principles and Applications of Electrochemistry. Vol. 1 . Principles. 

By H. Jermain Creighton. John Wiley Sons., Inc., New York ; 

Chapman & Hall, Ltd., London. Third edition, 1935. Pp. 502. 

lYice 20s, 

The continued demand for Professor Creighton's well-known book 
has necessitated the publication of a third edition, and the author has 
taken the opportunitA* to re-write certain portions and to add some new 
matter. In addition to the topics generally included in the subject of 
electrochemistry the book contains short chapters on electrokinctic 
phenomena and on the electrochemistry of ga.ses ; fused electrolytes are 
also mentioned from time to time. The material added in the present 
edition deals chiefly with the measurement oi conductivity and applica- 
tion of the results for the purpose of testing the Onsager equation, with 
the determination of transport numbers by the moving-boundary method, 
with potentiometric titration, and with the glass electrode. A number 
of new references are also to lx* found in other sections of the hook. It 
is perhaps surprising that the chapter on the relationship between chemical 
structure and the dissociation constants of acids and bases is unaltered! 
from the first edition ; as this subject has moved so definitely into the 
province of organic chemistry in recent years the author might find it 
advisable in a later edition to leave this short portion out of the book 
entirely. The highly speculative, if picturesque, method for tlic cal- 
culation of ionic hydration pro|x>sed by Remy could also be omitted without 
serious loss. The section on the activity of strong electrolyses is short 
hut quite adequate for the purpose of the book ; in it the author says 
' the concept of activity has been used v-ery extensively in the recent 
study of strong electrolytes, and its utility has been fully justified." 
Nevertheless it is a matter for regret that apart from the chapter men- 
tioned and the following one on theories of strong electrolytes, the activity 
idea is not used, not even in the discussioti of E.M.F. Apart from this 
omission, which may have been made intentionally to simplify the treat- 
ment, the b<K5k forms a useful intrcxiuction to many aspects of electro- 
chemistry, and its excellent production and clear printing .should make 
an appeal to students of the subject. 

S. G. 

The Chemistry of Rubber. By H. Freundmch. London : Methuen, 
1935. Pp, xi 4- 72, Price. 2s. 6d. net. 

This short essay deals with the colloid chemistry of latex and raw 
rubber, together with a few remarks on vulcanisation and plantation 
history, so that the title is S4>mewhat misleading. The treatment is too 
compressed to make any part of the book adequate, but it serves as an 
interesting summary of the outstanding colloid problems of the industry. 
A stimulating feature is the number of difficult questions stated and left as 
unan.swerable in the present state of knowledge. 


T. R. D. and B. D. R 
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l^tude Thermodyniimique de la Tension SuperAdelle. By Ka\'mo\d 
Defay. Paris : Gauthier-Villars & Cie, 1934. 372 pp. 

Although the two monographs forming this book deal with related 
subjects, either can be read independently of the other. They will lx? 
reviewed separately. 

Part I. h'ormules gen6rales. Afhnite et vitesse d’adsorption. ('ata- 
lyse, ^quilibre. Influence de la courbure. 

Gibbs* classical work on “ 'f'he equilibrium of chemical substances " 
deals almost entirely with the thermodynamic conditions governing sys- 
tems in complete equilibrium, but Gibbs* methods are easily extended to 
deal with systems only in partial equilibrium. In Defay 's first monograph 
he applies these methods to chemical systems in which there is thermal 
and mechanical equilibrium throughout the system and chemical equili- 
brium in each phase, but not necessarily equilibrium between the surfaces 
and the bulk phases. Defay derives over 500 equations for thest? svstems. 
They apj)ear to be correct without exception, but the majority of them 
are neither very interesting nor ver>' useful. Most of them answer 
ijuestions of the type ' how doe the surface tension depend on the tem- 
perature (or on the pressure) when the compositions of all bulk phases 
and all surfaces are kept unchanged, a condition practically impossible 
t<i fulfil ? Vet the most obviously useful questions are ignored, such as : 
how does the surface tension dep^uid on the temperature ^or on the pressure) 
when equilibrium is maintained throughout the system ? Many of the 
formuke are effectively mere repetitions of others depending, for instance, 
on a change from mole fractions to mole ratios. 

Defay follows De Donder in replacing Gibbs’ conception of the 
' number of indejJendent components ” by the total numlw of chemical 
sjx'cies diminished by the numlier of distinct chemical reactions between 
them. This seems to complicate the formuke without any compensating 
advantage. It is admittedly difficult to define clearly and simply the 
number of independent components,” but no more so than the number 
of ” distinct ’ chemical reactions. The author conscientioUvSly gi\*es a 
mathematical deftmtioii of this numlier, which is far from simple, but 
it is placed anomalously in the second monograph. 

The author goes to much jiains u» show that the position of the geo- 
metrical dividing surface is not arbitrary. He appears to have overlooked 
Gibbs’ clear pronouncement on this point. ” The value of a is therefore 
independent of the position of the dividing surface when this surface 
is plant*. Hut ivhen we call this quantity the superficial tension, we 
must remember that it will not have its characteristic properties as a 
tension with reference to any surface. Considered as a tension its posi- 
tion is in the surfact* which we have called the surface of tension and 
nowhere else/* {Colk^ted p. 234.) 

This work, in common with other work by De Donder and his school, 

in the reviewer's opinion, marred by the attempt to apply thermo* 
dynamics to chemical kinetics. All progress in this field has come from 
considerations of molecular mechanism, and the idea that a reaction rate 
is determined by the affinity of the reaction and a chemical ** viscosity ” 
is probably admitted to be abortive by all chemists except the De Donder 
school. 

The notation used is consistent, but unattractive. For instandl^ the 
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symbol ft is used to denote the chemical potential per mole and B is used 
for the chemical potential unit mass, for whidi Gibbs used /t. If a 
separate symbol were necessary, which is questionable, surely something 
more appropriate than B might have l>een used. If this were an isolated 
instance it would not be worth mentioning, but it is only one of many. 
When twenty or thirt}' symbols have to be memorised it is important 
that they be chosen in such a manner as not to make the memorisation 
unnecessarily difficult. 


Part 2. Les extremes de tension supt^rficielle et Tindiff^rence des syst^mes 
capillaires. 

This monograph contains an exhaustive discussion of the number of 
degrees of fre^om of systems in e<.|uilibrium containing cur\'ed surfaces. 
In the special case that all the surfaces are plane this number is giv^en by 
the familiar ** phase rule." The conditions for the surface tension to have 
a stationary value for constant temjierature or for constant pressure or 
for both constant are derived in detail. It is emphasised that there is 
no correlation between the composition at which the surface tension is 
stationary and that at which the total vapour pressure is stationary . 
Another subject treated exhaustively is the prissibility of \*ariations of the 
amounts of bulk phases and surfaces without any variation of their nature. 
In fact the exhaustiveness seems rather exaggerated when a mathematical 
proof is produced that for a variation of the amounts of bulk phases without 
any variation of their compositions it is essential that there l>e m<tre than 
one phase ! 

There are about .400 formulae all seemingly correct and all logically 
deduced. The monograph provides excellent practice for anyone wishing 
to master the more intricate applia»tion of Ciibbs’ methfxis to complicated 
systems. 

In one of the few places where the author dtscu.s$(^ experimental data 
he is less fortunate. Referring to Adam 'Hiid Jessop's measurements oi 
the surface tension of films of myristic acid on aqueous N/ioo hydro- 
chloric acid, he suggests that these authors ought to have investigated 
whether there w'ere not sufficient a^isorption (presumably negative) of 
the hydrochloric acid to modify its bulk concentration. A consideration 
of the order of magnitude of ad-sorption tells us that an cftect of the type 
suggested would require the ratio surface Volume to be magnified to the 
orciex of magnitude met in colloids or porous materials. It would l>e 
entirely negligible in Adam's trough. FuAhermore such an effect, if 
present, would have shown itself in that the values obtained for the 
surface tension would have depended on the depth of liquid in the trough 
and the experimental results would have appeared unreproducible. As 
the discussion of these experiments was included for the express purpose 
of demonstrating the usefulness of the author's formube the choice was 
particularly unfortunate. 

The general arrangement of both morKjgraphs gives the impression that 
the parts taken from the author*.** various papers have Ixsen throwm 
together without sufiicient consideration of wlmt would be their natural 
order. In view of this it is particularly unfortunate that there is no 
alphabetical index. 

Considering the complicated symlxils used there are remarkably few 
misprints in the text and formula?, though they are rather numerous 
in the footnotes. The printing is admirable. 

£, A. Gcggekheim. ^ 
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ZERO POINT ENERGY IN THE DETERMINATION 
OF THE STRUCTURE OF SOLIDS. 

By a. R. Ubbelohde. 

Received 14th Novembef^ 1935. 

L Covalent and Ionic Linkages. 

Substitution of one isotope for another in a solid chemical compound 
will lead to differences in the vibrational and rotational frequencies of the 
molecules, without in general changing the function expressing the poten- 
tial energy of the solid in tenr^ of its structure. Such substitutions will 
therefore only influence the structure in so far as this is affected by the 
vibrational and rotational energies of the molecules. The object of the 
present communication is to point out that the magnitude of the effects 
to be expected in certain cases should be suflicient to give valuable in- 
/onnr^tion on the structure of the solid. 

In practice, appreciable differences in vibrational energy" are only to 
be expected in the case of light isotopes, as in changes from deuterium 
to hydrogen, since the frequency is a function of the reduced mass /i, 

where — -f — or — and m * is the mass of the other atom or 

ft nij, ifiH Mo ^ 

atoms t'omposing the solid. Rotational frequencies, which depend on 
the moments of inertia of the molecules, will likewise only show an 
appreciable difference for hydrogen and deuterium compounds, for which 
the effects to be expected may be summarised as follows : — 

ImiSc LlllkagM. — The only lattices in which hydrogen appears as 
one of the ions are the hydrides of the alkali metals and alkaline earths. 
These have high melting points, and on electrolysing the molten salt 
tfic hydrogen appears at the anode. Lithium hydride has a rock salt 
structure, the hydrogen playing the part of the chlorine ion ; a comparison 
of LiH and LiD has shown quite an appreciable difference in the lattice 
dimensions * 

For LiH a = 4080 ± O-OOl. 

For LiD a = 4060 ±0001. 

It is important to determine whether this difference can be satisfac- 
torily accounted for on grounds of the difference in thermal and null 
point energy of the two crystal lattices, or whether other factors have to 
t>e ineluded. Neglecting atmospheric pressure, the equation of state of 
the solid may be written * 

Gin ^ 

> auntl and Harder. Z. fkysik. I 935 » 478 - 

• Debye. PkysiM. 2 .. 1913. 14 . ^59- 
525 
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■where E is the energy content, 

G{V) = VjyW(V) 

V is the volume, Y = d log where W{V) expresses the potential 

energy of the crystal in terms of the volume. * 

For LiH, can be calculated from the results of Gtknther.* Assum- 
ing the validity of Debye’s expression for the specific heat, 

= ^ = K. 


For LiD, where the forces between the atoms are so far as is known 
identical with those for LiH, but the masses of the vibrating particles 
differ, 4 

^mUB _ / mlid _ /i^ 

VmlIH V 9 

and ®Lii> == 6ii® K. 


From these two characteristic temperatures the energy content at 203 ^ K- 
is^ 

For LiH £ — £o = 544 cals/mole. 

For LiD £ — £0 = 745 cals/mole. 

The values of Eq may be calculated assuming a continuous distribu- 
tion of frequencies of the lattice, ending at with 3iV frequencies in all, 
as in Debye’s theory, i.e , — 

Number of vibrations between p and p + dv is 


Als. 3 ,V. 4 .F[^. + l]i' 

qN 

Thus, the number of vibrations between p and y + dv is — and the 
total zero point energy 

•'w Jo 2 

- ixWhp^ 

For LiH at 293^ K. £ — £® -f- 544 — 1820 4* 544 == 2364 cals/moie. 
For LiD £ = £^j + 745 = 1368 + 745 = 2113 cals/molc. 

It is clear that the fairly large difference of 452 cals in the zero point 
ener^ is already partly compensated at 293*^ K. by the difference of 201 
cab in thermal energy ; for crystals with lower B than lithium hydride 
this compensation is still more complete, and masks the effect of changing 
isotopes, except at lower temperatures. 

Without knowing the values of Y and G{V), it is still possible to obtain 
an estimate of whether tins difference of 251 cab between LiH and LtD 
at 293* K. can account for a difference of 0 * 020 A in the lattice dimensions. 


• Ann. Physik., 1920, 63* 476. 

• CJ. Landolt Bomstein, Tab. 5th Ed. L, 705. 
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1.^,, an expansion of 0*02/4 = 5 X 10*“* per unit length. The thermal 
expansion of the crystal is due to an increase in E with rise in tempera- 
ture, and for a specific heat of about 8 cals /mole a difference of 250 cals 
corresponds approximately with 30® rise in temperature. If the co- 
efficient of expansion of the crystal at room temperature were of the order 
5 y io**/30 = 1*7 X 10"*^, the results would be consistent with the 
view that the only differences in the lattices arise from differences in 
vibrational energy content. There seems to be no direct measurement 
of the coefficient of expansion on record, but even potassium with a much 
lower melting-point has a coefficient of only 0-8 X lO”** so that the 
value calculated above is rather large. The Debye theory may only be 
a first order approximation for lithium hydride, however,* and a bigger 
actual difference of E would require a smaller coefficient of expansion to 
give the observed change of lattice dimensions on changing the isotopes. 

Organic Solids* --“Many organic solids are made up of complex mole- 
cules whose internal vibrations are almost completely independent of the 
vibrations of the molecules in the lattice; for such solids the Raman 
spectrum is practically the same as for the gas, and the heat of vaporisa- 
tion is small compared with the bonding energies of the individual atoms 
in each molecule. 

I'nless the percentage of hy<lrogen is high, a change to deuterium 
will not make much difference to the mass of the whole molecule, and 
will hardly affect the lattice vibrations. Furthermore, the characteristic 
temperatures will be low, so that any difference in null point energy is 
practically compensated for by differences in thermal energy at ordinary 
temperatures. Unless the coefficient of expansion of the solid is ab- 
normally high, the expansion of the lattice on change of isotopes due to 
tlie change in lattice vibrations will lx* small or negligible. 

A much more important effect arises from the change in the distance 
of minimum approach of the molecules (van dcr Waals, b). So long as 
the vibrations arc simple harmonic, the mean positions in space of the 
atoms in each molecule remain unchanged, since the function expressing 
potential energ>^ against sepanition is generally the same for two isotopes. 
Owing to the difference in mass the frequency of vibration will, however, 
differ, and so will the amplitude of oscillation, which corresponds with the 
difference in zero point cnerg)* and thermal encr^’^ of the bonds. If there 
i*- practically no interaction between the lattice vibrations and the internal 
vibrations of the/nolecules, it must be assumed that the minimum distance 
ol approach is conditioned by the amplitude of these internal vibrations. 

The magnitude of the change in b on changing from A — H to A — D 
at a single linkage may be estimated in the case of simple harmonic 
vibrations. Among the valency bonds, the frequencies AH/AD will be 

in the ratio The energies for the linkages with H(^) and D(,) 

•II u 

will be 

^ = 2wV»«iS* 

^ = 2*f*Mt«*S* 

* C/. Blackman, Pror. Ray. Sor., 1934, 148A, 365. 
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V oc 




or, since 

^ =. 

'I* 

For valency vibrations of the C — H bonds 

± = i 4. i = L 3 

/iji 12 1 12’ 



and 

also 


Ml ^ 

Oi = I*l68 aj Aj — a, = 0-l4di 


^ 2 vM fiy 


MW — -psi cms. 
Vv 


Similar calculations apply to the 0 — H and N — H bonds, the frequency 
of the valency vibrations being in each case of the order 3000 cm.~^ and 
the difference in amplitude, or in distance of minimum approach, will be 
1*5 X cms., which should in some cases be detectable. 

The characteristic temperature of these valency oscillations is about 
4CXX)* K., so that at ordinary temperatures only the zero point oscillation 
is of significance. For smaller frequencies the difference in amplitude is 
bigger. This applies particularly to deformation oscillations. Never- 
theless, this difference will, in general, have much less influence on the 
structure of the solid, since a small change in the uncertainty of the 
valency angle is not of great influence on the neighbouring molecules. 
Similarly, rotational frequencies, which differ on account of differences 
in moment of inertia, will only lead to differences of structure in the 
neighbourhood of transition points, due to molecules such as or 

ND4'*“ rotating freely in the crystal. 

If the C — H bond is fixed in the crystal, however, the change in 
distance of minimum approach due to valency vibrations takes place 
along the valency bond, so that the expansion on changing isotopes 
should affect the different lattice parameters unequally. In certain 
cases this may lead to the location of the C — H bond in space. If the 
benzene molecule is flat, for example, the expansion on changing from 
C4D4 to C4H4 due to the above effect should be restricted to die planes 
in which the molecules are lying in the solid. In the liquid, the effect is 
averaged over all orientations of the molecules, but the ratio of densities 
C4D4/C4H4 should still be somewhat greater than 84/78 = 1*077, owit^ 
to the change in b. The only available data ® for the liquid' give a ratio 
at 1 7*2^ of 1 *085, which is in the expected direction, but owing to difficulties 
of purification this numerical value may have to be altered. (The CgD^ 
was made by polymerisation of C^Dg). 

A much larger difference has been observed between the molecular 
volumes of liquid hydrogen and deuterium. Using a thcrmodyiiamic 
calculation Clusius and Bartolome ^ find for the molecular volumes : — 


D,(M.P. i8,66*> IC,. 13 . 95 * K). 

Solid 20-44 * 3*^5 c.c. difference 137 percent, 

liquid 23*i| G.c. 26*15 c.c. »» i3*o 

• Clemo A McQuillen, 1933, laao. 

^ Z. Electrockem, 1935, 4 U 4S7. 
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As would be expected from the fact that Hj and Dj rotate freely in the 
solid near the melting-point, there is no appreciable difference in the per 
cent, change on melting. The authors ascribe the whole of the difference 
between D* and H* to a change of internal pressure resulting from the 
change in zero point energy, but since their value for the change in internal 
pressure is 17*3 kg./cm.* this would require for the compressibility of 
hydrogen the very high value 8 ooo-io''« per bar. The only experimental 
value • of 2000 X lO"** per bar suggests that for liquid hydrogen and 
deuterium at least part of the volume change is due to a change in 
and the rest to internal pressure changes. 

A difference in the minimum distance of approach of and D 2 O 
has also been suggested as one explanation of the difference in association 
of the two liquids in dioxan .• 


Orikanlc Solids Involving Hydrogen and Hydroxyl Bonds^ etc. 

When some of the linkages between the molecules in the lattice have 
a binding energy bigger than is due to van der Waals* forces, but smaller 
than covalent or ionic binding energies, it is no longer adequate to treat 
the vibrations of the lattice as independent of tlie internal vibrations of 
the bonds. At hydrogen or hydroxyl bonds when the H atom is 
bound with approximately equal energy to two other atoms the change 
on substituting D requires more complicated analysis, but will in general 
he smaller than in either ionic lattices, or the organic solids discussed 
above. The only type studied so far is H ,0 and where the 

difference in lattice parameters docs not exceed o*i per cent, at o® C. 
Since the OH groups are certainly not end to end, however, a change in 
minimum distance of approach even if then? were no hydrox\'l bond 
would not be readily detectable. 


Summary. 

The effect of change of isotopes on the structure of solids is discussed 
for ionic solids in conjunction with the equation of state of the solid, and 
for organic solids involving only covalent links in conjunction with the 
change in minimum distance of approach of the molecules. In some 
cases the effects should be quite large enough to give definite information 
on the stmetore. For tonic solids, the results can be correlated with the 
distributiem of lattice vibrations. For organic solids, the change may lead 
to the location of C — H bonds in space in some cases. 

The Davy Faraday Laboralory, 

Tkg Royal InstUtUion. 


*£uckefi» l>$ul$ck. Pkysik, G$s, 1916. it. 

• Bell and WoHenden, /.C.S., I 935 » 

>*C/. Bernal it Megaw. ihoc. Roy, Soc., 1935. *51 A, 385. 
** Megaw, Nuture, 1934. » 34 t 900. 



THE VISCOSITIES OF LIQUID MIXTURES. 

By K. E. Spells, Ph.D. 

Received 26lh Novefnber^ 1935. 

The measurements described here were undertaken with the object 
of attempting to correlate viscosity with other physical properties. 
As a subject for such an attempt, any liquid or solution with marked 
anomalies from the point of view of one property is particularly de- 
sirable. In this connection, solutions of isoamyl alcohol in benzene 
suggest themselves, for the dielectric constant of such solutions presents 
peculiar features, whose origin is unknown. If the molecular polarisa- 
tion is plotted against the percentage of alcohol in a solution of isoamyl 
alcohol in the non-polar solvent benzene, then, according to Lange, * a 
curve is obtained showing two maxima. 

It seemed possible that the graph of viscosity against concentration 
for the same solution would exhibit corresponding anomalies. All the 
curves obtained, however, both for isoamyl alcohol and for the solutions 
of other alcohols in benzene, were quite regular, so that at first the re- 
lationship sought did not appear to exist. Nevertheless, before arriving 
at any definite conclusion, several questions, which will lx; indicated later, 
and which will probably form the subject of a later paper, have still to be 
investigated. 

The present paper deals chiefly with an attempt to obtain by a phy- 
sical argument a mathematical expre.ssion to represent the variation of 
the viscosity of binary liquid mixtures with concentration, the mixture-i 
discussed being not only those on which the measurements dcscribi'd here 
have been made, but those whose viscosities have been measured by 
other experimenters. 


Measurements. 

It w^as desired in this series of experiments to detect small changes in 
viscosity with a high degree of accuracy. Special precautions, therefore, 
had to be taken to preserve the liquid in the viscometer from contamination, 
and to prevent errors due to evaporation. For these reasons, a visa>meter 
with special features was constructed which allowed a reproducibility in 
the time of transpiration to wuthin one part in 5000 for the dilute solutions 
in benzene of the various alcohols investigated, while the H^tifacy in the 
cases of more concentrated solutions (of higher viscosity) was only slightly 
inferior. The time of transpiration in the whole series of experiments 
vmied from 250 secs, to 2000 secs, approximately. An account of this 
viscometer has been published already,* so the exj^mental wwk may be 
dealt with very briefly. 

The thermostat used was of the usual electric relay type, and it was 
found to keep the temperature of the appu^atus constant to within C. 
Errors due to change of viscosity vrith temperature were then beyond the 
limits of detection. 

The use of an Ostwald type viscometer necessitates measurements of 
the time of transpiration and density of both the liquid under consideration 
and of a standard liquid, benzene in the present case, of which, for purposes 
of calibration, the viscosity must be know n. The values for benzene were 

^ L. Lange, Z. Pkyaih, 1925, 33, 169. 

* I. Estermann, Ergeb. exaht, Naittrwns,^ 1929, 267. 

» E. N. da C. Andrade and K. E. Spells, /. Sri, 1952, 9, 316. 

33 ® 



K. E. SPELLS 


531 


taken from the International Critical Tables. The Hagenbach-Couette 
kinetic energy correction never exceeded i part in 450 in these experiments, 
and was taken into account where necessary. The density measurements 
were made at the same temperature as the viscosity measurements and, 
for medium and high concentrations, with the actual solutions. For low 
concentrations, the densities were measured at concentration intervals of 
3 per cent, and the required values obtained by interpolation. The per- 
centage accuracy was greater than that attainable for the transpiration 
time. 

Purity of Materials. 

KahUmum's '* Cryst. Thiophene Free benzene was used. In the first 
few experiments, the benzene was specially dried with sodium wire, but as 
the viscosity was found to be unaffected by this treatment it w'as dis- 
continued. The if-propyl and tertiairy butyl alcohols were both treated 
by refluxing over suitable drying agents and then fractionating. The 
refractive indices for the Hj, line of the hydrogen spectrum were used as a 
criterion of purity in ail three cases. The two isoamyl alcohols, a-ethyl 
propyl alc<»hol and y-methyl n-butyl alcohol, were used without any further 
punheation, since little appears to be known of their physical properties. 

Results of Measurements. 

Measurements of the viscosities of solutions of n-propyl alcohol in 
Innucne have been made already by Dunstan.* who found a minimum in 
the viscosity-concen- 
tration curve at about 
5 |K*r cent Dunstan, 
h<»\veveT, did not ob- 
tain many jynnts at 
low ctmeentrations ot 
alcohol in Ix^nzene, 
so experiments were 
made, taking a larger 
mimbtr of observa* 
tion.s, to give a better 
idea i>f the form (»f the 
curve \ti the region of 
tht minimum. 

The re.sults ob- 
tained with solutions 
in btmzcne of #i-propyl 
alcohol at low am- 
centrations have been 
published already in 
graphical form,* but 
the curve is repro- 
duced here for con- 
venience in Fig. t. 

This curve, together 
with those given for 
dilute solutioas in 
benzene of the other 
alcohols investigated. Fig. i,-—Ar-propyl alcohol in benzene — low 

gives an idea of the concentrations, 

accuracy attainable 

with the form of viscometer used. At the temperature (iz® C.) at which 
the measurements were made, the minimum viscosity^ is seen to occur at a 
concentration of 3*1 per cent, of a-propyl alcohol in benzene. 

* A. K. Dunttan, /. Cfmm. Sor.. 1905, S7» ii. 
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Percentaze by Wt. 

Density 

Viscosity. 

of Alcohol. 

(gmt./c.c.). 

Poise X 10-*. 

0 

0-87661 

6-28 

i-ooi 

•87565 

0-2340 

0-997 

-87565 

6*^313 

1*990 

-87460 

6*2025 

1-997 

-87460 

6*2027 

2-003 

-87460 

6*2025 

2-710 

•87390 

6-1934 

3387 

•873*5 

6-1932 

4762 

•87204 

6-2040 

8-007 

86920 

6-2653 

20-05 

•85933 

6-7581 

5012 

•83706 

9-7783 

89-90 

•80947 

18-076 

lOO- 

•80247 

21-198 


A few readings were taken at the higher concentrations, and the 
resultant curve over the whole range of concentration (see Fig. 2 (i)), is 

similar to that obtained by 
TABLE I. (Figs, i and 2 (i)). -—Viscosities of Bunstan. 

Solutions of n-PROPYL Alcohol in Ben- The curves obtained for 
ZENEAT22‘’C. MAXIMUM DEPARTURE FROM solutions of tertiary butyl 
Lineaiutv = — 26 Per Cent, at 50 Per alcohol in benzene are shown 
Cent. Concn. ^ while 

the carves for solutions of 
o 0-87661 6-28 the two isoamyl alcohols 

1. 001 *87565 0-2340 wsed, in the same solvent, 

0- 997 *87565 6-2313 are given in Figs. 4 and 5. 

1- 990 -87460 6-2025 It will be observed that 

1*997 *87460 6*2027 the curves for all the four 

2*003 -87460 6*2025 different alcohols invcsti- 

*87390 6*1934 gated are very similar in 

form. In each case there is 
8*^7 86920 ^2653 a minimum value of viscos- 

20 05 *85933 67581 ity. less than that of either 

50* 1 2 ‘83706 9*7783 component, occurring at a 

89-90 ‘80947 18*076 low concentration of alcohol 

100* *80247 21-198 in benzene, while each curve 

is sagged. 

Examination of the curves for the isoamyl alcohols reveals no essential 
difference of behaviour from that observed in the cases of the w-propyl 
and tertiary butyl alcohols. On this evidence, therefore, there does not 
seem to be any simple connection between the molecular polarisation and 
the viscosity 

coefficient. (^4 — 1 

Beforereach* if j 

ing any final / 

conclusion, / 

however, one 

or two other / 

possibilities I 

have first to 7 

be investi* / 

gated. j 

Lange, in j 

her paper, is / 

of the opinion 

that the two ^ 

maxima she / 

obtained in X /X 

the graph of 
molecular 

polarisation- ^ 

concentration — 

of isoamyl 
alcohol in , 

benzene w^ere ' 

due to the ^ 

presence of 2, 

at least ^o (i) V-propyl alcohol in benzene — all concentrations, 
isomers, the (2) Tertiary' butyl alcohol in benzene — all concentratknis. 
resultant 

curve being a superposition of two curves, each normal, with their maxiiiia 
m different lotions. Therefore there may still be a relation between 
molecular polarisation and viscosity, which is not disclosed because the 


Fig. 2, 

(1) V-propyl alcohol in benzene — all concentrations. 

(2) Tertiary' butyl alcohol in benzene — all concentratknis. 
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substances used in the present experiments were possibly much purer^ and 
did not contain more than a trace of any other isomer. 

There is, how- 
ever, another 
methcki for the in- 
vestigation of this 
question. Recent 
theoretical work by 
Andrade ‘ on the 
subject of liquid 
viscosity has in- 
dicated that in- 
vestigation of the 
rate of change of 
the viscosities of 
liquids with tem- 
perature may prove 
to be more fruitful 
in providing know- 
ledge of a funda- 
mental character 
than the method 
of comparing the 
viscosities of differ- 
ent liquids at any 
arbitrarily chosen 
temperature. The 
equation given by 
Andrade for the 
variation of the Fjg. 3 . — Tertiaxy butvl alcohol m benzene — low 
viscosity of a liquid concentrations . 

uith temperature is 

%;S jg e!vT , . 

, • (l) 

where v is the specific volume, the viscosity at temperature T absolute, 
and A and c constants to be chosen for a particular liquid. The constant 
c depends on that part of the potential energy of a molecule involved in the 
variation of the viscosity of a liquid with temperature (see original paper).* 



TABLE II. — Rakgs 7-04. Maximum Departure from Linrarity — 
70 Per Cent, at 65 Per Cent. Concx. 


Pert«&tAf« bf Wt4 
ol AksohoL 

Dtsuutf 


^calc. 

Poise 

PercenUfe 

Error. 

Tertiary Butyl Alcohol In Benaene (35"^ G.)* (Figs. 

0 0*87341 — O'OZ 

2 (U) and 3.) 
6*02 

0 

0^ 

*87200 

— 

— 

5-9865 

— 

1*930 

*87060 

61*5 

5*8o 

5-9658 

- 2 78 

a *570 

*86978 

*86883 

— 

— 

5-9580 

— 

3*a«3 



5-9545 

— — 

4*162 

•86761 

64*6 

5 7*7 

5-9540 

- 39 S 

4759 

*86683 

— 

— 

5-9539 

— 

5779 

*86530 

66*0 

5697 

5-9660 

- 4 * 5 * 

7 *aio 

*86370 

— 

— 

5-9800 

— 

8*000 

•86270 

64*4 

5590 

5-9953 

- 6*75 

lyzH 

•85463 

72*9 

6*086 

6*2008 

- 1*85 


•84600 

8o*2 

6*943 

65770 

5*55 

50*08 

*82095 

79 » 

9363 

8*8603 

4 - 5*68 

89*80 

• 79«5 

100*6 

28*990 

« 57 ^ 

4 - ia*4 

100 

•78462 

— 

41*905 

41*905 

0 


N. daC. Andrade, PhU. Mug. 1934 * (7). 497. Supp. and 698 . 

19 * 
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TABLE III. — Bangs *» 7*25. Maximum Dbparturb from Linearity = — 57 
Per Cent, at 70 I^r Cent. Cokcn. 


PtfecBtact hy Wt. 

OlAtCMM 


DtofitF 

(IPM./C.0.). 




Poi»ex 




P^Mex IO-*. 


Peroeiitace 

Error. 


cc-Bthyl Piopyl Alcohol In Bcnscne ( 20 ® C.). (Fig. 4 ( 1 ) and Fig, 5 ( 1 ).) 


o 

0-87873 

— 

6-47 

6*47 

0 

o®7i6 

•87801 

86*4 

4 - 4*55 

6*4463 

- 0*32 

1-412 

-87730 

« 5-3 

6-3864 

6*4305 

- 0*73 

2-246 

•87648 

86*5 

4-3539 

6-4151 

— 0*96 

2-813 

-«7393 

86-5 

0-3368 

6-4096 

~i-i 3 

3*757 

•87508 

90*5 

6-3781 

64057 

- 0*43 

387a 

•87500 

927 

6-4169 

6-4048 

4 - 0-19 

5-490 

-*7340 

85 3 

<>•2558 

6*4146 

- 2*47 

7-220 

•87194 

879 

6-3184 

64365 

— 1*83 

9-440 

•86985 

890 

6-4020 

6-4855 

~ 1-28 

> 9-94 

*86170 

92*2 

0-8702 

6-8563 

-j- 0-20 

29-71 

•83444 

90-2 

7-2955 

7-4293 

— 1*80 

4043 

■84698 

88-5 

8-0210 

8-3498 

— 3 r 94 

49 - 8 a 

•84094 

88-5 

9*1981 

9*5780 

- 3-95 

47*90 

■83047 

90-0 

*3750 

14-021 

- 1-93 

79-40 

•82456 

9«*3 

20-312 

*9-431 

-r 4*53 

90*12 

•8 i9Ck> 

10^0 

30-417 

29*204 

4*15 

100 

•81546 

— 

46-458 

46*458 

0 

(ocottd Spodmon (fl^. 4 (ii)). 




o 

••‘‘ 7«75 



6-47 


1-241 

•87750 



<>•4333 


2370 

•87438 



6-4110 


2-741 

•87600 



6-4410 


3155 

■87500 



6-4072 


4*162 

•87470 



6-3991 


4*690 

•874*5 



6*4010 


0‘20O 

■87271 



*>•■ 4*37 


ABLE IV - 

-“KANtiE 6*75. 

Maximum Departure from Linearity 

^ 


l^R Cent, at 55 

Per Cent. 

COXCN. 



P«rccf}Ui<f by Wi, Ueratty 

ill AIcciboi ' 

y^Metliyl n^Bmyt Alcohol in Beniene ( 20 ^ G.) 


**cak. 
<AV-ia 7 ). 
Pui««x IO~*. 


Poioex io~*. 


Perceatafe 

Error. 


(Fig. 4 (Ul) and Fig. 5 (U).) 


0 

0-87875 


*>■47 

(.•47 

0 

0-700 

•87805 

92-8 

" 343 ‘ 

*>•4503 

— 1*66 

1 349 

•«7750 

1178 

(>-4038 

•.•4460 

~ -65 

1*950 

■ 87 <io 5 

115*8 

"•3707 

<‘•4433 

— 1*12 

^‘794 

•87620 

116-5 

f>- 35>4 

<*• 445 ^ 

- 1-45 

4-345 

■ 87 <<» 

124-0 

0-4356 

0 - 473 * 

.. .58 

5*562 

•87390 

127 5 

<>• 5 * 3 * 

6-5054 

-r- 12 

6*322 

•87325 

122*9 

0-4641 

<j -5334 

— l-o<> 

6*940 

•* 7*75 

125*6 

6-5*46 

6-5501 

- -39 

9*870 

*87040 

126*4 

6-6613 

6-6730 

“ *17 

14*64 

-86670 

127-3 

6 - 94<>9 

0-9346 

^ ’I8 

20*44 

*86241 

130*2 

7-4508 

7 - 3 * « 3 

• 1*77 

^ 3 * 5 * 

’86015 

129-9 

7-6903 

7 - 57*3 

■r 1*64 

26*47 

*85807 

128*5 

7-9084 

7-8334 

+ *96 

3^*93 

•85353 

136*1 

8*5026 

8-5504 

- *56 

43*95 

*84681 

124*8 

9*9018 

10055 

- 1*52 

49*00 

•84299 

225*3 

ll’ 03 t 

u -147 

- x*i 3 

66^55 

*83247 

129*6 

16*837 

16*614 

4 * 1*34 

80*20 

*82481 

133*2 

44-849 

44-378 

*f x *93 

90*10 

*81947 

147*0 

33-440 

33448 

4-2*99 



536 


THE VISCOSITIES OF LIQUID MIXTURES 


It seemed possible, therefore, that the variation of c with the concentration 
of isoamyl alcohol in benzene might show the anomalies sought. 

Measurements of the dielectric constants of solutions of alcohols in 
benzene are now being carried out in the Physics Department of University 
College by Mr, Hari Ram Sama, with the object of comparing values of 
these constants and of the viscosities obtained with solutions made up 
from the same specimens. The effect of traces of moisture on the dielectric 
constants has b^n found by him to be very marked, and may have vitiated 
previous results. 


An Equation to Represent the Viscosity Variation of a Binary 
Liquid Mixture with the Concentration of the Components. 

A number of empirical formulas have been proposed by different 
workers to represent the variation of viscosity w'ith concentration, but 
only a few of these make any claim to generality, while none, so far as 
is known to the writer, will fit curves of the type obtained with the solu- 
tions of the alcohols investigated here. 

It was observed while the measurements given here were being made 
that the cur\'es, both of viscosity and density, plotted against concen- 
tration are sagged ; i.e,, the viscosity and density at any given concen- 
tration are both less than the values which would be given by a linear 
law. In the case of the density this means that there must be an ex- 
pansion on mixing the two components of the solution together. Now it 
is well known that when a liquid undergoes an expansion due to the re- 
lease of a compression acting on it, this expansion is accompanied by 
a decrease in its viscosity. It seemed, therefore, of interest to investi- 
gate the possibility of there being any connection between the corres- 
ponding variations of density and viscosity of a given liquid mixture. 

Several investigators have observed the converse phenomenon, that 
mixtures which ejchibit a viscosity maximum also show a definite con- 
traction. McLeod,® however, appears to be the only one to work out a 
mathematical formula based on this observation. Assuming that a 
linear law holds for mixtures of components which mix without volume 
change, and basing his arguments upon considerations of free space, 
he obtained the following formula, which he found satisfactory for certain 
mixtures : — 

where and 17, are the viscosities of two liquids present as volume frac- 
tions Vi and 0* in the mixture, 0*100 is an arbitrary average value chosen 
in the case of all substances for the free space of both components, and 
C is the contraction per unit volume deduced from the density of the 
mixture, while j 4 i and are the arbitrary constants calculated from two 
sets of data for the mixture. 

Wc now propose to deduce an expression for the viscosity of a mixture, 
not in terms of free space, but, by using an equation giving viscosity as 
a function of specific volume, directly in terms of its density. The same 
initial assumption is made here as in McLeod*s attempt, t.^., that a per- 
fect mixture undergoing no volume change on mixing would give a 
linear law for viscosity-concentration (the relation between the density 
apd concentration, expressed as volume of solute per unit volume of 
mixture, being, of course, a straight line). There is no real theoretical 

• D. B, McLeodi Trans, Faraday Soc., 1923, 19, 17* 
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justification for this assumption, since the viscosity-concentration curve 
for an ideal mixture is not known, but it can be defended on general 
grounds. 

To express the viscosity of a liquid as a function of its specific volume 
at constant temp)erature, Andrade’s viscosity-temperature equation (i ) 
is adapted. If the temperature T be constant, we may write : — 

replacing cjT by the constant j8. 

Suppose, now, that tf and p be the viscosity and density of a mixture 
of a given concentration ; then, with suitable values of the constants, 
we have : — 

rj = Ap^e^ ( 2 ) 

Now if p could be altered to the value it would have had, if there had 
been no alteration of volume on mixing the components together, then, 
according to the above assumption, should change to the value cal- 
culated from the linear law of viscosity-concentration. 

Therefore, if changes to 171 when p changes to pi, 

Pt = Pi + ^{pt - Pi), 

+ - Vi), 

r being the concentration by volume of the liquid 2 in the mixture of 
component liquids 1 and 2, and the suffixes i and 2 referring to the 
appropriate components, then we should have also : — 


where 

and 


tj, ^ ( 3 ) 

Dividing (2) by (3), we have : - 

V ~ • • • • ( 4 ) 

giving the viscosity of t!>e mixture in terms of its density p, the concen- 
tration r, and the viscosities and densities of the components l and 2, 
after choosing a suitable value for / 3 , from its origin, should depend 
upon the composition of the liquid in question, whether a mixture or 
not ; and since the composition varies, in the case of a mixture, with the 
relative proportions of the components present, /5 should be a function 
of the concentration. Since, however, there is no way of predicting the 
variation of with concentration, we have to make the further simplifying 
assumption that is a constant for any particular mixture under in- 
vestigation. At first sight fi might appear calculable from viscosity 
temperature variation data at different concentrations, but actually this 
is not possible, since it is doubtful, owing to the somewhat artificial 
a.ssumption8 made in deducing (4), whether there is any simple relation* 
sliip between and c. 

In order to find the values of /3 appropriate to any given mixture, values 
of jS are first of all calculated at different concentrations by taking logs 
of both sides of (4), giving : — 



M bdng the modulus of common 1<^. 

A single value of fi is then chosen to pve the best agmmort with 
observation over the whole rsmge of concentration, bearing in mind that 
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a difference between the value chosen for and the actual value calculated 
will have least effect where the deviation of the density-concentration 
curve from the linear is smallest. 

In the following tables, which are self explanatory, the formula is 
shown tested first of all against the results obtained by the writer with 
the solutions in benzene of the particular alcohols investigated here. 
The formula was not used to fit the results obtained for «-propyl alcohol 
in benzene, since the differences between p and pi were too small at most 
of the concentrations for the calculations to be made with any degree of 
certainty (f.e., the graph of p against concentration w^as nearly linear). 
This seems to indicate that the relation between viscosity and concentra- 
tion for a binary mixture is not necessarily linear when there is no change 
of volume on mixing the components, or, at least, that absence of change 
of volume on mixing is not the only criterion for a perfect mixture. It 
is interesting to observe, how’ever, that, in the case of n-ptt^yl alcohol 
in benzene, the maximum departure from linearity was much smaller 
(being only 26 per cent.) than in the cases of the other three alcohols. 


TABLE V.— Range 1-37. Maximum Departure from Linearity « +• 16 Per 
Cent, at 40 Per Cent. Concn. 


k 

s- 

Density. 


’•calc. 

’•calc. 

Usiiia 

McLeod'* 


Ftr 

ceataipe 

Ern»r. 

i 

Bmr Ut^ 
VcLaod'a 




Formula. 


EqatUou. 


Lutidine and Ethyl Alcohol (25^ €•). 


0 

0 79043 

— 

0*011536 

0011536 

0011536 

0 

0 

9*97 

•80382 

7*^)0 

•OII4I 

-01146 

-011499 

- 0-77 

0 34 

19*88 

•81972 

5*17 

•OII62 

-01164 

'01 1643 

— 0*20 

0 

39*77 

•X5142 

590 

-01178 

■otl88 

•012023 

— 2-02 

-- 1-19 

5970 

•88029 

5 - 2 .J 

•01126 

•01 133 

-011328 

— o-6o 

0 

79*43 

•90743 

4-38 

*01033 

^ -01041 

•010204 

-i- 123 

4 2-06 

90*55 

•92101 

6-77 

-009516 

-00950 

*oo968f> 

- * 75 

— 1-92 

loo 


: 1 

•0087766 

*0087766 

•008 776(3 

0 

0 


In view of the fact that the formula deduced has but one constant, 
as against the two arbitrary constants of McLeod, the agreement between 
calculated and observed results for the alcohol-benzene mixtures, on 
which the measurements described here were made, seemed sufficiently 
good to justify the trial of (4) against results obtained by other observers. 

It was decided therefore to make tests on some of the mixtures against 
which McLeod tried his two constant formulae ; these being particularly 
suitable for the purpose since they give results as different as possible 
from those obtained here, showing maxima instead of minima in the 
viscosity-concentration curve. Also, McLeod’s equation appears to 
be the only one having any extensive application to mixtures. 

Several of the mixtures studied by McLeod have been selected at 
random, and equation (4) has been fitted to their vtsco8tty*concentration 
curves. As may be seen from the tables, the single-constant expression 
deduced here is reasonably successful when considered in the light of what 
has been accomplished so far in this diiection. In generad it may be 
claimed that it fits the facts nearly as well as the two<Ofuitant expression 
of McLeod. 
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In one case, the fit has been improved by assuming that )8 varies 
linearly with concentration r * according to the relation 

P — Pl >' + ~ ’’)> 

equation (4) then becoming an equation with two arbitrary constants : — 

. . . (40 


TABLE VI. — Range =» 3’38. Maximum Departure from Linearitv = + 220 
Fbr Cent, at 40 Per Cent. Cokcn. 


J 






1 



DmtHy. 


’’calc. 

OIM-14-5). 

1 

1 

’’cak. 

Usilijr 

McLeod’s 

Formula. 

1 

’»obs. 

Per. 

oentase 

Error. 

PeroentagB 
Bnor Uttef 
MeLaod*a 
Equation. 


Ethyl Alcohol and Water ( 10 ^ C.). 


0 

0 9097 .^ 

— 

001 308 

00 1 308 

0*01308 


0 

0 

10 

■ 0«393 

24*25 

•01785 

•01770 

•02179 


181 

- i8-8 

20 

97252 

1720 

•02713 

'02600 

•03105 


14*2 

- 178 

30 

W 77 

* 3‘40 

*03802 

•03720 

•04050 



6*12 

- 815 

-40 

•«> 423 » 

« 4 - 4 <' 

•04398 

•04390 

•04390 

— 

o*i8 

0 

50 

•92IO2 

13 80 

•04398 

•04320 

*04180 

*r 

5-22 

+ 3-35 

00 

■8<n»27 

* 3*55 

•04037 

•03870 j 

*03770 

"f* 

7 *o8 

-r 2*65 

70 

•S7002 

*3 39 

*03499 

•03268 

*03268 

U- 

707 

0 

80 

•S3197 

1 * 4*54 

•02703 

*02620 

•02710 

— 

o-i8 

- 3*32 

90 

•82O54 

12*96 

•02194 

1 *02040 

•02X01 

-i' 

4*42 

~ 291 

100 

79784 


•014O6 

•01466 

! 1 

•01466 

1 


0 

0 


TABLE VIL—Hange 270, Maximum Departure from Linearity >f 
I^R Cent, at 80 Cent. Concn. 


i 

K 1 
1 

1 ’ 1 1 

1 ! =: 

I T 

^ -“s ■ j' 

Jj 

1*3 

MS 

i 

«* 

ll 

1 Y 

ai 1 

rFl 

h 


' i ^ 

_J L_“ i 

1 


f 3 

£ 1 

|s 


Acetic Add and Water (tS^C.)* 


0 

xo 

*9993 

10x42 

8*05 

0-01134 

*01380 

0*01X34 

•01287 

0*01134 

•01285 

0*01134 

•01568 

+ 

0 

0*88 


0 

5-92 


0 

6*07 

20 

10284 

7*43 

•91699 

•01526 

*01520 

*01626 

-f 

4-49 

•~* 

6*15 

— 

6*52 

30 

104x2 

7*45 

•02017 

•<»««33 

•01860 

•01897 

•f 

6*52 


3*37 


1-95 

40 

1*0525 

7-46 

•02508 

*02179 

•02143 

*02145 

-f 

7*70 


1*68 


0 

30 

I-OOIS 

7-18 

•o»538 

•02560 

*02490 

*024x6 


5-05 


5-9>> 

•f 

5*o6 

60 

1*0085 


•01670 

•02901 

•02784 

•02682 

— 

0*45 

4- 

8*15 

4* 

3 «i 

70 

80 

1*0731 

t* 074 S 

9*60 

JP 23 

*02681 

•02520 

*05150 

*03068 

*02955 

•02813 

•02935 

*05068 

««• 

8-67 

17*8 

4- 

6*65 

0 


0 

8 * 3 X 

90 

1*0713 

tyfz 

•02158 

*02579 

*02540 

*02786 

— 

25*2 


7-43 

— 

t6q> 

too 

*^533 


*01410 

*01410 

•01410 

•01410 


0 


0 


0 


^ To amkxm with McLeod*t work, the cakidatkms have been perloitned with 
^ «x{M‘tS 9 ed ai concentration by wtfigki in Tabies V,* VI., and VIL 
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A better fit could certainly be obtained in the cases of most of the 
mixtures investigated by the introduction of a second arbitrary constant 
in this manner. This is to be expected, since, as has been mentioned, 
should vary with concentration, but the assumption of a linear variation 
has no theoretical support. In fact, in the only cases where (p — pij is 
determined with sufficient accuracy for smooth curves of )3-concentration 
to be obtained, these curves show a distinct minimum. This suggests 
that P might be replaced more profitably by non-linear functions. It 
seems probable, then, that the nature of the variation of jS with concentra- 
tion for a particular mixture will depend upon certain properties of the 
components ; but until it is known what these properties are, no useful 
purpose will be served by introducing additional complications in 
equation (4). 

I should like to take this opportunity to express my thanks to 
Professor E. N. da C. Andrade for suggesting the original problem and 
for his continued interest and help throughout the course of this work. 
My thanks are also due to the Department of Scientific and Industrial 
Research for a grant extending over part of the time during which the 
work described here was being done. 

Summary. 

Accurate measurements of the viscosities of solutions of lotir alcohols 
in benzene have been made. 

In an attempt to correlate viscosity with the dielectric constant, the 
results obtained for the viscosities of the solutions of two isoamyl alct>hols 
in benzene have been examined far anomalies corresponding to those 
obtained in the case of the dielectric constants. The cun'es of idscosity 
plotted against concentration do not exhibit any peculiarities, but, before 
reaching a conclusion, a new method, suggested here, of investigating the 
problem must be tried. 

An equation with one arbitrary constant has been deduced to give the 
viscosity of a binary liquid mixture in terms of its density. This equaHlvm 
has been tested against the measurements given here, and also against 
results obtained by other workers. 

University College, 

London. 


THE EXTINCTION COEFFICIENTS OF IODINE 
AND OTHER HALOGENS. 


By E. Rabinowitch and W. C. Wood. 


Received dth December, 1935. 


In order to extend the experiments on the photochemical equilibrium 
in halogens ^ to iodine, we required the knowledge of the extinction 
curve of iodine vapour. Despite Ute great number of invesUga- 
Uo^ dealing mtb the spectrum and photochemical properties of gaseous 
iodine, its extinction was measured only once, by Vogt and Iwenigs- 
berger.* They used saturated vapour at 48® C. and 88® C, and over- 


* E. Rabinowitcb, H. L. Lehmann, Tfmu. Fewedm Sot., 1033, 31, 6te. 

* K. Vogt, J. Koenigiberger, Z. Phytih, 19*3, 13, 300. 
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heated vapour at 400^ C. Bonhoeffer and Harteck* computed the 
extinction curve of iodine using the values found by Vog^ and Koenigs* 
bcrger at 88® C. Some of our experiments pointed to this curve being 
incorrect, or, at least, not applicable to iodine vapour at room tempera- 
ture. The extinction coefficients seemed to be at least twice the values 
given by the curve. Referring to the original paper, we found that, by 
using the measurements at 48® C. extinction coefficients 2, 3 or even 6 
times greater are obtained. Some of them appeared to us to be rather 
too high. We considered it therefore advisable to re-measure the whole 
extinction curve, using iodine vapour at room temperature. 

Extinction Curve of Iodine. 

The experimental arrangement consisted of a 1000 c.p. pointolite lamp 
run on a 220 V. battery supply, a lens projecting an image of the incan- 
descent plate into^he centre of a quartz al^rption cell 12 cm. long, and 
a second lens 
forming an 
image of the 
plate on the 
slit of a mono- 
chromator. 

A Hilger VI 
spectrograph 
was used at 
first, with a 
selenium iron 
photocell 
(Electrocell) 
connected to 
a Zernicke 
galvan<Hneter 
(Z3, sensi- 
tivity, I ‘3 X 
lo-** amps, 
per mm.). 

The photo- 
cell, with a 
slit in front of 
it, slid along 
a scale in the 
focal plane of 
the spectro- 
graph. A 
violet filter 
(Wratten No. 

39) was used 
in front of 
the slit for 
measurements 
below 5000A., 
in order to 

suf^Hress scat- Fio. x . — Extinctfon-curves of iodine vapour, 

tered light. 

In later experiments we were able to use h quarts double monochromator 
(Hilger D 129). The photocell was fixed behind its exit slit. The results 
obtmned with both instruments wore in good agreement. 

* 1 C F. Bmihoefier, P. Harteck, Grundia^ dor Phoiochomir, 1933* P* 
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Iodine vapour was introduced from a container kept at about 19^ 
into the thoroughly evacuated absorption cell, of which the temperature 
was about 20° C., and the cell closed by a stopcock lubricated with phos- 
phoric acid and graphite. The density was taken from the known vapour 
pressure cur\ e of iodine, * and roughly controlled by means of a manometer 
hlled with sulphuric acid. The intensity of light transmitted through the 
cell was measured at different wave-len^hs, fimt with iodine vapour in the 
cdil and then ^vith the vapour removed by touching the wall with a piece 
of cotton wool soaked in liquid air. The operation required less than a 
minute and the light intensity of the lamp was sufficiently constant to 
make the results absolutely reproducible. The exactness of the measure* 
ments was bet\veen 20 per cent, at 4300 A (where the absorption was less 
than 2 per cent.) and 2 per cent, at 5000 A (where about 20 per cent, of 
light was absorbed in the cell). Curve A. Fig. i, show^ the measured values. 
The left*hand scale of ordinates corresponds to concentration measured in 
mols. per litre, the right-hand one to pressures in atmospheres at 20^ C. 
Cur\’es B and C in Fig. i, are derived from the measurements of Vc^ and 
Koenigsberger, the upper at 48° C., the lower at 88® C. Confirming our 
expectations, Ihe extinction curve of iodine at room temperature was found 
to lie between the two curves of Vogt and Koenigsberger, and nearer to 
the upper one. 


Dependence of the Extinction on Temperature. 

We made no measurements at higher temperatures, and arc therefore 
unable to say positively that one (or both) of the curves of Vc^t and 
Koenigsberger are incorrect. The change of the extinction coefficient 
with temperature w^hich is suggested by these cui^’^es is, however, a very 
unusual one; they are supposed to increase by about 30 per cent, 
between 20® C. and 48® C., and then to decrease so rapidly that the 
values at 88® C. became three, or even six, times smaller than those at 
48® C. 

The dependence of the extinction curve on temperature has been 
investigated by Gibson and Bayliss • in the case of chlorine. They 
found a gradual decrease in the height of the maximum (attaining 
— 30 per cent, at 765® C.) accompanied by an increase in extinction on 
both sides further away from the maximum. This behaviour was quan- 
titatively explained by Gibson, Rice and Bayliss • as being due to an 
excitation of the first vibrational level '^f the Cl^ molecule. 

A similar flattening and broadening of the extinction curve with 
rising temperature was observed in bromine vapour by Rtbaud/ and in 
iodine solution in hexane by Gr6h and Papp.* Their results must be 
explained in the same way — by an increase in the number of vibrating 
molecules of bromine and iodine. By virtue of the Franck-Condon 
principle, the absorption by the molecules in the first vibrational state 
produces two absorption maxima, situated on both sides of the main 
m^mum due to the absorption by non-vibrating mokcuks. The 
existence of these two humps was shown by Gibson, Rice and Bayliss 


• The relia^lity of this curve is very eesential for the exactness of the ex- 
tinction coefficients calculated in this paper. The data of j. P. Baxter, C. H, 
Hickey, and W. C. Holmes, Trans, Awer, Chem, Soc,, 1907, 219, 127, seem to be 
t^tworthy, and agree well with those of F. Haber and F. Keischbattm, Z. 
chemie, 1914, ao, 302. Our own measurements, however rough, showed iio 

• — - IHoliiies. 

44f <95- 
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by analysing the empirical extinction curv'e of chlorine. In the cases of 
bromine and of iodine, in which the vibrational quanta are smaller and 
nriore molecules are excited at room temperature, the humps on the red 
side of the maximum are easily recognisable on the curves (see the arrows 
in Figs. I and 3). In the case of iodine vapour (Fig. i), the comparison 
wth the band spectrum shown below, clearly indicates the hump as due to 
the superposition on the main band series of a second series, coming from 
the first vibrational state. 

It is noteworthy that these humps appear in solutions of Br, and I* 
as well, showing that the vibrational quanta of these molecules are not 
strongly affected by dissolution in carbon tetrachloride and similar 
solvents. 


Effects of Concentration and Foreign Gases. 

V^ogt and Kocnigsberger supposed that the differences between the 
extinction coefficients determined at different temperatures are due to 
differences in concentration rather than in temperature. One has to 
distinguish sharply between two regions in the spectrum of iodine. 
Below 4990 A., the spectrum is continuous, and no deviations from 
Beer’s law are expected theoretically (this prediction w'as confirmed, e.g,, 
by measurements with bromine). Above 4990 A., the spectrum consists 
of lines (where the true extinction coefficients are very high) and intervals 
between them, where the extinction drops to zero. The extinction curve 
which one obtains experimentally in this region actually depends on 
concentration, thickness of the absorption cell and width of the slit. 
(With a very narrow slit, a zig-zag line must be obtained instead of a 
smooth curve.) With rising concentration of iodine, two effects occur 
simultaneously. Firstly^ the Imcering of the mean extinction coefficient 
with growing absorption, which is alway> observ ed when mean extinction 
coefficients arc determined with non-monochromatic light covering a 
region where the true extinction coefficients are strongly variable. (To 
oteerve this, without the second effect, it is best to change the thickness 
of the absorption cell instead of changing the pressure.) Secondly, the 
increase in the mean extinction coefficietit due to the broadening of the 
lines. (••) (To isolate this effect, it is l>cst to add foreign gas instead of 
increasing the pressure of iodine itself.) The first effect falsifies the 
results, making the extinction curve dependent on special conditions of 
the experiment ; the second effect restores the true shape of the extinction 
curve (at least so long as the inffucnce of the foreign gas is confined to 
a change in the shape of the absorption lines and does not affect the 
absolute transition probability). 

In CHrdcr to obtain a curve showing correctly the average extinction 
coefficients in the band region, it is neccssarv^ to work with a sufficiently 
wide slit, covering a range containing several bands, and either use very 
low iodine pressures (or a correspondingly short light-path) or to add 
enough of the foreign gas to paralyse the effect of the higher iodine con- 
centration. The correctness of the curv^e is ensured as soon as the 
extinctions in the centres of the lines become small enough to be re- 
presentable by a linear instead of an exponential function. 

This effect was investigated by F. W. Loomis and H. O. Fuller, Pfyskal 
Peviem fa]* 195a. ^ 180, in iodine vapour, and by V. Kondrmtjew and L. rank, 
Z. Phyeik, 193a, ^ 386. in bromine vapour. 
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In Fig. I, the dotted curve in the region above iOOO A* is the one we 
obtained by using a 0*5 mm. slit (covering regions from 50 to 100 A. 
wide) with iodine at a pressure p = 0*157 mm., and a light path d = 12 
cm. This is only one of the many curves which may be obtained in this 
region; even the strange shape of the upper curve in Fig, i, with its 
minimum at 5300 A. may be due to effects of this kind. The differences 
between this curve, and our curve at A < 5000 A. cannot, however, be 
explained in this way, and still less can concentration effects account for 
the smallness of the extinction coefficients found by Vogt and Koenigs- 
berger at 88® C. 

Since it is difficult to measure very low* absorptions exactly, the 

easiest way to 
obtain the cor- 
rect mean ex- 
tinction curve 
of iodine in the 
band region is 
to use iodine 
vapour with 
inert foreign 
gases. Fig. 2 
^o^'s the re- 
sults we ob- 
tained by ad- 
ding 500 mm. 
of h e 1 i u m, 
argon or air 
to 0*157 mm. 
of iodine. Ac- 
cording to 
expectations, 
the continu- 
ous region 
remains un- 
affected, but 
the mean 
extinction co- 
efficients in 
the band 
region arc 
considerably 
increased, 
especially be* 

tween 5000 and 5500 A., this causing the shifting of the maximum from 
5000 to 5200 A. The decrease in the pressure effect above 5500 A. 
indicates that in this region the true extinction coefficients arc not very 
ffigh, even in the centres of the lines, and therefore no sensible increase 
in absorption is caused by broadening of the lines. 

The increa^ absorption in the region 5000-5700 A. b the cause of 
the fact that iodine vapour in an air-ffllcd vessel appears more deeply 
coloured than vapour of the same pressure in an evacuated container. 

It is noteworthy that the influence of the three gases helium, argon 
and air is the same — at least at the high pressure of 500 mm. used. Inb, 
together with the observation that no sensible increase in absorption 



Flo. 2. — ^Thc " lixniting " extinction-curve of Iodine. 
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can be attained by a further increase in pressure, are indications that 
the extinction curve obtained in this way does not differ appreciably 
from the “ limiting *’ curve corresponding to the ideal case of very low 
iodine pressure or complete line broadening. 

The uppermost curve in Fig. 2, shows the extinction coefficients of 
iodine dissolved in carbon tetrachloride, according to Gillam and Morton.* 
The shape of the curve and the position of the maximum arc the same as 
in the “ limiting ** curve for iodine vapour. The slight increase in the 
absolute values of the extinction coefficients will be discussed in the next 
section. 


Influence of Solvents on the Absorption Spectra of the Three 

Halogens. 

In Fig. 3, the extinction curves of all three halogens in the gaseous 
state at room temperature arc compared with those of their solutions 
in carbon tetrachloride.^^ In the case of bromine, the greatest part of 
the spectrum (below 5100 A.) and in the case of chlorine practically the 
whole of it are regions of continuous absorption. Accordingly, dissolu- 
tion in a “ neutral ** solvent does not change the general shape of the 
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Fio, 3. — ^xhe cxtinctioa-curves of the three halogens in gas and solutioa« 


extinction curves, nor the position of the maxima. The other eflfect of 
the solvent mentioned above is, however, clearly shovm by these curves ; 
The absoluU values of the coefficients {i.e., the corresponding transition 
probabilities) are increased by about 50 per cent, and more in the case 
of chlorine and up to 30 per cent, in the case of bromine ; the corres- 
ponding effect in iodine is of the order of 15-20 per cent.'^ 

• A. E. Gillam. R. A. Morton. Proc. Roy. Soc.. 1929. i*4t 604, 

The daU for chlorine gas are by Gibson and Bayliss. * fm bromine by Riband 
We tested some points of this last curve and found the daU of Eibaud confirmed. 

The curves for the solutions are those gi\*en by Gillam and Morton.* We 
use them because these authors five data lor all three halogens. If the curves 
given by Gtfih and Papp,* or O. S. Walker, Trans. Farnday Sor., 1935* 3i. MSS- 
for I* in CCI4 are used instead of the curve by Gillam and Morton, the difference 
between the gas curve and the solotion curve for ,I| become still smaller. It is 
deplorable that the extinctioii curvtss for !• solutions given in Landolt BOmstein'a 
PfysikaiUck Ckemiscke Tabelien, $th editaon. Vol. II., p. 894. are in error by a 
factor to. Together with the wrong curve for the I, vapour they lead us to the 
belM that the extinction of iodine in solution is 50 times greater than that of 
iodine vapour whereas in truth they are neady identical. 





546 


THE EXTINCTION COEFFICIENTS OF IODINE 


The explanation of this effect must be sought in the nature of the 
electronic transitions involved. They arc of the “ intercombination 
type Transitions involving a change of multiplicity are not 

allowed in very light atoms and molecules and become gradu^ly easier 
with increasing atomic weight, due to a stronger interaction between 
spin and orbitd momentum (e.g., a complete abs^ce of intercombination 
lines in the spectrum of helium and the high intensity of the well-known 
resonance line 2536 A. of mercury). This rule explains the increase in 
the absolute intensity of the absorption bands of the halogens in the 
series CI2, Brj, I* (the maximum values of e being 90, 160 and 740 respec- 
tively). The same cause must be responsible for the action of the 
solvent on the spectra of these three halogens. The electric fields 
of the surrounding molecules weaken the selection rules — an influence 
which is known from the appearance of many ** prohibited ” lines in the 
Stark effect of atomic spectra. This influence is strongest with chlorine, 
and becomes ver>^ weak in iodine, where the selection rule is already 
made ineffective by the interaction of spin and orbital momentum in the 
molecule itself. 


Summary. 

(a) The extinction coejfficu nis of todine vapour at room temperature are 
measured between 4300 and 6200 A. They are found to be 2 to 6 times 
greater than the values generally in use. 

{b) The influence of temperature upon the extinction is discussed. 
Small humps observed on the extinction cur\^es of bromine and iodine are 
shown to be due to absorption by vibrating molecules. 

(c) The influence of the density is discussed. It is shown that the 
correct mean extinction curve in the band region can be obtained either by 
using a very low iodine pressure or — more conveniently — by adding an 
inert gas. Measurements are made with helium, argon and air, at 500 mm. 
The absorption in the continuous part of the spectrum is found to remain 
unaffected by the foreign gas, but the mean extinction coefficients in the 
band regions are considerably increased. The limiting '' extinction curve 
of iodine va}x>ur obtained in this way has a maximum at 5200 A., and a 
shape resembling that of the extinction curve of iodine dissolved in carbon 
tetrachloride. 

{d) The influence of the solvent upon the extinctions of the three halogens 
is compared. The extinction coefficients art appreciably increased by 
dissolution, especially in the cases of Clt and Br^. This is e3cplained as being 
due to a molecular Stark effect enhancing the probability of the singulet- 
triplet intercombination, especially in light atoms. 

We sincerely thank Professor F. G. Donnan, F.R.S., for his interest 
in this work, and Dr. 0 , Walker for valuable discussions. 
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PROPERTIES OF ILLUMINATED IODINE SOLU- 
TIONS. I. PHOTOCHEMICAL DISSOCIATION 
OF IODINE MOLECULES IN SOLUTION. 


By E. Rabinowitch and W. C. Wood. 

Recewed December, 1935 . 

In this paper experiments will be described the purpose of which was 
to obtain direct evidence of the primary photochemical process in solu- 
tions of halogens. The experiments consisted in measurements of the 
change in the concentration of iodine-molecules in strongly illuminated 
solutions.^ 


Experimental. 

The arrangement was described in a prcv'ious paper»^ and is shown 
schematically in Fig. i. A rectangular glass cel] A (20 x 100 mm.), con- 


K, 


Fig. I . - Scheme of the apparatus. 

taining the iodinc-sc»lution. was substituted for the vacuum cell used in the 
previous work with gases. Automatic carbon arc (25 amps) was used for 
dlumination iliuminating light. ’ intensity L). In cases where especi- 
ally high light intensity was wanted, a 120 amps search-light with a 
20-uich parabolic mirror was substituted. The change in the extinction- 
coefficteut of the solution caused by illumination measured by a photo- 
electric compensation device consisting of a 6V.. 24W. lamp PL (** photo- 
cell ligbt»’’ intensity i). and the two selenium iron photo-cells PCi and 
1X^2. details can be found in the above-mentioned paper. 

Previously, we used the apparatus with gases. Since in solutions the 
effect is much smaller, it was necessary to increase further the sensitivity 
of the method. By impro\ing all conditions relevant to the mechaniod 
ud optical stali^ty of the apparatus, and by replacing one of the photo- 
cells a new one with higher internal resistance* wre were able to measure 
intensity changes of the order of 2 X 10*^ (0*002 per cent.) instead of 
I X attained in our previous work. This accuracy proceed to be 
su^ctent fctf the detection of the dissocial^n effect in solutions, thanks to 
favourable conditions : the thermal effects, whkh were the chief source of 
trouble in experimeuts with gases, cause much less trouble in liquids. 

> The imme effect was previously investigated in gaseous bromine, see 
Rahiiiowittih and H. L. l-ehmann. Trans. Farekoiy Sec,, 1933, 31, 689, 
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Although their theoretical magnitude is not much smaller, the time necessary 
for the establishment of thermal equilibrium is considerably larger (of the 
order of loo-iooo secs.) because of the high heat capacity of the liquid. 
Since the readings are taken a few seconds after the beginning of the 
illumination, the thermal effects are practically avoided. 

On the other hand, we encountered an unexpected difficulty in keeping 
the intensity of the photo-cell light constant w^ith a liquid in the path of 
the beam. Besides the quick fluctuations of the photo-current of the 
order of 0 002 per cent, which are also observed in working with gases, and 
are probably due to slight variations in the lamp voltage, we observed 
slower drifts,'* often changing the intensity by as much as o*i per cent. 
They are relatively weak with aqueous solutions, but especially strong 

with carbon tetra- 



Fro. 2. — The dissociation-eflect in iodine solution. I\>ints 


show the extinction of the solution in the dark, circles 
that during illumination. 


chloride. This in- 
dicates that they 
are due to thermal 
convection cur- 
rents in the liquid, 
the dependence of 
refractivity on tem- 
perature being 
especially strong in 
the case of CCI4. 
We were obliged to 
eliminate them by 
the method used in 
tlie previous work, 
t.f., taking a great 
number (usually 
60) single readings 
and averaging 
them. Fig. 2 shows 
the results of a 
typical set of 
measurements. It 
reprints the suc- 
cessive readings of 
the galvanometer, 
taken alternatively 
with closed and 
opened shutter be- 
tween the arc and 
the absorption cell. 
The effect for which 
we were searching 
is clearly recognis- 
able, although 
superimposed on 


quick fluctuations of the’^current as well as on a slow oiift. The total 
photo-current in this p^icular experiment was 2 x lo-* amps, its varia- 
tions due to the dissomtion effect were about 3 x amps (0*0x5 
cent.) and the drift over 5 mins, about 0*15 per cent. 


Results. 

. EMcriments were made with iodine dissolved in Ca4, CS** 

CH,OH and HgO, and with bromine in CCI4. Only the solutiofli of iodine 
in carbon tetrachloride and hexane gave the positive effect shown in 
Fig. 2, In all the other solutions a negative ** effect was observed 
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instead, i,e.t an increase in the extinction*coefiicient during illumination. 
This negative effect will be dealt with in a separate paper. Here we are 
concerned with the positive effects in CCI4 and C«Hi4 only. 

The measurements pve (a) the total intensity of the light falling upon 
the photo-cell /, and its ch^ge A/, due to illumination ; and (b) the 
intensity of the illuminating light L (measured by a thermophile-galvano- 
meter system calibrated with a standard lamp). From the relative change 

of transmission, -y, the relative change on the concentration of Ij-mole- 

cules, A[I J /[I J. is calculated . Instead of the method described previously, * 
we now used the following relation : — 

4^ = TjyCd.wrflnio . . . . (I) 

where d is the length of the cell, ij the mean extinction coefi^cient of the 
solution for the photo-cell light. C(i,) the concentration of iodine molecules 
in mols per litre (units used in deftning c), and [IJ, the same in number of 
molecules per c.c. Relation (i) is exact for monochromatic light only. 
The photo-cell light was filtered through an infrared absorbing glass, a 
green fflter (Wratten No. 55) and a Cu(NO,), solution. The spectral region 
transmitted was 490^-5200 A., and the mean extinction coefficient was 
f «=; 736. (The maximum extinction coefficient of iodine in CCI4 is 890, 
at 5180 A). It remained practically constant for absorptions between 
10 per cent, and 85 per cent., thus justifying the use of relation (i). 

The same approximation (use of a mean extinction coefficient It) was 
used for the calculation of Skw» the number of quanta absorbed per sec. in 
I c.c. of solution. Three sets of hlters were used : — * 

S^tral Rfiirioii *L 

Flltm. Trammitt^. Maximoxnat (£ to per cent.). 

1. I cm Ctt{NO*)| (25 per cent, sol.) 

-f Wratten No. 32. 4000-5100 4000 325 

2. I cm, Cu(NOJt (25 per cent.) 4000-5300 5000 his 

3. Jena glass filter ggi i -r i cm. 

Cu(NOg)g diluted 5000-5800 5400 550 

Because of the inconstancy and inhomogeneity of the light from the arc, 
the values of were determined by using the small l^p FL as light 
source (disregarding the fact that the intensity of distribution in the light 
of a glow*ing filament must be somewhat different from that in the light of 
<i carbon arc, ex-rn in the narrow' spectral regions concerned). The use of 
a mean coefficient ii was admissible, despite the wide range of the true 
fi values involved (ranging from 100 at 4400 A up to 8^ at 5180 A) 
because of the smallness of the total absorption across the cell (w'hich was 
usually of the order of 10 per cent.). 

Tli Nk^ values were i.alculated by means of the following formula : — 

^ X 1 - 13(1 + 2 - 3 <i,C(i.) 

-rr 8 u ^ io»*(i -T- (2) 

where 6*14 y lo* is the calibration factor of the thermopile ; L the inten- 
sity of illuminating light (deflection of the galvanometer in cm.) ; 
1*13 X (1 -f 2 * 3 Jxr(Z|)) are correction factors accounting for the reflexion 
losses and lor the absorption betw*een the middle and the back w-aU of the 
cdl. The factor Jl/197 < 10*'’ {»* X/hc) expresses the intensity by the 
numbor of quanta ; the expression 

6-14 \ io» < X'i3{i -f 2 * 3 €i/:(ig))Ll/i 97 X lo-^’ 
i^^presents thus the number of quanta passing a sq. cm. in the middle of 
the cdl per second ; on multiplying it by 

In 10 « a-30lxC(ig), 

obtain the number of quanta absorbed per second in t c.c. 
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Table I. gives the summary of the results. Column 6 shows the 
number of quanta absorbed, column lo the corresponding change in the 
concentration of iodine molecules. 

In order to make clear the meaning of the results, we first consider 
those obtained by variation of one independent \ ariable only. 

TABLE I. 
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B. Iodine in Hexane. 
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Dependeace of the Effect on Ll^t latMielty. 

In Table II. we compare the reaulta obtained by variatian of the 

number of quanta, the concentration c/u, and wave*Iength A being 
kept constant. ' * 
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TABLK II. — DBrBVOE.vcK or the Effect on Light Intensitv. 
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Table II, shows the law const v'A*, to l>e the best approximation 

Kxjw. 122 and 123 were made with the 120 amps search-light giving a 
more powerful but much less c^mstant anti uiufomi illumination than the 
25 amps. arc. used in exp. iii. The results are therefore less exact than 
those ol exp. 1 1 1. which confonns exactly to the s<|uare root law. 

Dependence of the Effect on Iodine Concentration. 

Table III. shows the results obtained by changing the concen^ation 
Ctu, keeping L as con.stant as possible. The exponents y ai^ in 
neighlxmrhotxl of - t)*5 : ^*xp. i f 1 suggests a proportionality with 

i rather than with i % tM*]. 

T.\BLE lU.-~ D kpknokv* K <»f the Ui fect os Ii*i>ine Concentration. 
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Discussion. 

We attribute the illumination effects observed in iodine solutions in 
carbon tetrachloride and hexane to a dissociation of iodine molecules 
into atoms. The stationary concentration of atoms must be equal to 
twice the number of I* molecules disappeared : 

[i]- 2A[y (3) 

The values of [I] are calculated in column (n) of Table L They are of 
the order of mols. per c.c. (corresponding to mols per litre). 
The velocity with which the atoms are formed is : — 

+ ^ = 2y.V». . . . . (4) 


The velocity of their recombination (assuming the simple 
I + I I,) is given by 


dt 




mechanism 


(5) 


and the stationary state by 



(^) 


Formula (6) differs from formula (30) in our previous paper, (i) by the 
factor y before accounting for the possibility of the quantum yield 
of dissociation being < I, due to the ** primary recombination ” discussed 
by Franck and Rabinowitch,*and (ii) by the disappearance of the factor 
[ir] (concentration of foreign molecules acting as third bodies) because of 
the presence of the molecules of the solvent at each double collision 
between two iodine atoms in solution. 

According to (6), the stationary concentration of iodine atoms must 
be proportional to and since the absorption is (roughly) propor- 
tional to the concentration [I*], also to the relative effect 

mi^t therefore be proportional to the square root of the light intensity 
VL, and to the inverse square root of concentration, l/VfO. These 
predictions arc in accordance with the results shown in Tables II. and III. 

The velocity constant C cannot be crlculated from the experiments, 
but only the quotient Cjy. The results arc given in column (*2) of 
Table I. The constancy of the results is not unsatisfactory, considering 
the extreme smallness of the effects measured. The mean values of C/y 
are given in Table IV. : — 


TABLE IV.— Velocity Constants or the Rxcombikatiok of I-Atoms. 


Sotwmt 

Cy. 

C'ly. 


C,Hu 

17 A lO"’* 

O t X io»* 

2*4 X 10*** 

CCl^ 

2*3 X lO*'* 

8-1 X *0** 

17 X lO*** 


C is the velocity constant for concentrations measured in molecules per 
c.c., C the same for concentrations in mols per litre. 


* J . Franck and E. Rabinowitch, Tram, Faraday Soe,, tto. 
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The constants C/y can be compared with that obtained previously 
for the recombination of bromine atoms in helium gas at atmospheric 
pressure. This was : — 

‘^>(= [Ki) ” '-5 X 

For atmospheric pressure, [He] is 27 x lO^®, and C becomes 2 X ; 
whereas the corresponding constant in solution is of the order of 
according to Table IV. (and assuming that y is, if not equal to 1, at least 
of the order of 0*1 to i). The velocity of recombination of atoms in solution 
is thus aboiU iOO times greater than in a gas at atmospheric pressure. 
This result is in accordance with the assumption that triple collisions are 
necessary for the recombination in gas, and that practically each collision 
is a recombining one in solution. 

The dependence of the effect on light intensity^ its dependence on iodine 
concentration and its absolute order of magnitude are thus all three in c^ee* 
mettl tenth theory and support (he explanation of the effect as being due to the 
simple mechanism, 

/ "i' hv I I 


Something remains to be said about the coefficient y. The simplest 
possible assumption is y = i. (This assumption cannot be exactly 
correct, because of the occurrence of the “ primary recombination/* 
The extent of this latter effect is however not yet known.) No clear 
trend of y is revealed by comparing the effects observed in different 
spectral regions : — 



4700 5000 

175 1*9 

1*4 2*4 


5400 A 
1*2 


In the second column about one-half, and in the third nearly the whole, 
of the absorbed quanta belong to the spectral region which is discon- 
tinuous in iodine vapour. We must thus assume, that in solution the 
quantum yield of dissociation in Uiis region is the same as below $qoo A, 
whereas in a sufficiently diluted gas this yield is y = i below and y =« o 
above this limit. These results indicate, that dissociation of excited 4 
molecules (and not dissipation of the excitation energy by collisions of 
the second kind) is the chief cause of the disappearance of the iodine 
fluorescence in solutions. The mechanism of dissociation must be the 
one discussed theoretically by Van V^eck ® and illustrated by Fig. 3. 
The excited molecules in the state *i7o4> usually return by fluorescence 
into the ground state In the inhomogeneous electric field of the sur- 
rounding molecules, a transition from the state ®J7o4> into the state 
which is a prohibited '* one in the ca^e of isolated molecules, becomes 
possible. Once in the state the molecule becomes unstable and 
dissociates. 

If the quantum yield y is supposed to be ss 1 in solution throughout 
the absorption spectrum, then the values of C/y in Table I, represent the 
actual velocity constants C of the recombination reaction, and we may 
use them for calculating the mean lifetime of the free atoms r (or their 
collision numbers $ *« tfr, although this quantity has not much meaning 
lor atoms which are supposed to recombine at their very first collision). 


• J, H. van Vkek, nysic, Ree„ 1^32, 544. 
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In the last column of Table IV., the life periods t, are calculated for 
^ = O* C., and a concentration corresponding to the pressure p — l atm. 
in a They are of the order of 2 x I0~“ sec. 

With the aid of the usual kinetic formula for the calculation of the 
collision-number in gases, the mean time-interval between two collisions 
m a gas with a collision diameter <r = 5 x lo"* cm. (a plausible value 
for the beginning of the interaction between two iodine atoms according 
to Fig. 3 ), is found to be : — 

1^5 X lo-^secs. 

The practical identity between this value of and the values of 
calculated above suggests the following simple assumptions 
concerning the mechanism of the process under discussion : — 

(i) The quantum yield of dissociation of I ^ molecules in solutions is in 
fact practically equal to unity throughout the absorption spectrum. 
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(I.a) The quantum yield of the dissociation of Ifmoteades tsy = - <i. 

ft 

(Il.a) The ^an life tune of the free atoms ^ greater 

than the collision interval r^ga^) in a mono-atomic iodine gas. 

The product y^^aoiuuon) remains in this way equal to r^gat)- 

The assumptions (L^i) and would be improbable, if y and 

ivere two independent quantities. But, according to the above-mentioned 
general proposition, the same cause which decreases y (by ** primary 
recombination ”) increases the mean lifetime in the same proportion. 
Further experiments are therefore necessary to ascertain the actual part 
played by the primary recombination in the photochemistry of iodine 
solutions.^ 

In the above-mentioned paper,* the dissipation of energy by collisions 
of the second kind with the solvent {!*♦ + CCl4-> I, + CCI4) was men- 
tioned as a second possibility which may decrease the quantum yield of 
dissociation in solutions. For this loss of light-energy, however, no 
natural compensation by a prolonged life of free atoms can be expected. 
We may thus conclude, that the experimental results obtained with 
iodine in carbon tetrachloride and hexane, leaving open a possibility of 
energy-losses by primary recombination, show definitely the absence of 
important losses by energy-di^^^ipalion through second-kind collisions 
during the activated state of the 1,-molccule. 

Summary. 

(а) By improving a photochemical compensation apparatus described 
previously, it was possible to measure extinction changes of the order of 
0*002 per cent. 

(б) By means of this apparatus, the reversible change of the extinction- 
coefficient of iodine-solutions under the influence of strong illumination 
was detected and measured, 

(c) in the case of iodine solutions in carbon tetrachloride and hexane 
the effect consists in a decrease in the extinction coefficient, and is due to a 
dissociation of I ^ molecules intt toms. Its dependence on light intensity 
and on If-concentration are in accordance with this explanation. 

(d) The recombination velcKity of iodine atoms in solution is about 
1000 times greater than tha^ of bromine atoms in helium at atmospheric 
pressure, in accordance witu the assumption that triple collisions are 
necessary for recombination in gas, and that each collision is a recombining 
one in solution. 

(«) The quantum yield of dissociation of It-moleculcs in solution is the 
same in the spectra) region below 5000 A, which is continuous, and above 
5000 A, which is a band region in I4 gas. 

(/) The results can be explained in two ways : — 

Either by the assumption that the quantum yield of Ig dissociation in 
solution is equal to i» and the average lifetime of free atoms equal to the 
avemM cc^lislon interWl in a monoatomic iodine-gas ; or by the assumprion 
that ^ quantum 3rie]d is i/n < i (due to so-called *' primary recombina- 
tion **) and the free lifetime of the atoms n times longer than the colli- 
sion interval in the gas. 

(g) Looseo of energy by dissipation through collisions of the second kind 
betweem activated If mol^ules and molecuto of the solvent do not occur 
to an appreciable extent. 

^ Any argument against primary reoomhinatioii which is based on an estima- 
tion of the atationary concentration of free atbms in iUuminated solutions is, 
^^^ccotdtnf to this reasoning, fallacious. This applies, for instance, to the remarks 
made by Ogg on the occaston of the Symposiuiii of Iffiotochemistry held in San 
Francisco, 1055 {Ckemictd Reviews, 1935, * 7 t 
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(h) In a number of solutions of I« and Brt, the extinction coeMcients 
were found to increase reversibly during illumination. This ** negative ** 
elFect will be dealt with sepaiat^y. 

Our sincere thanks are due to Professor f*. G. Donnan, F.R.S., for his 
encouraging interest in this work and the hospitality he has generously 
shown us in the Sir William Ramsay Laboratories. 

The Sir William Ramsay Laboratories of Inorganic and 
Physical Chemistry^ 

University College, 

London, 


QUANTITATIVE EXPERIMENTS ON EMULSIFICA- 
TION BY ULTRASONIC WAVES. 


By C. Bondy and K. Sollner. 


Received 24th December^ 1935. 


Two previous papers ^ dealt with the mechanism of emulsification by 
ultrasonics in the systems : organic liquids in w*ater and vice versa, and 
mercury in water and organic liquids. It appeared that the behaviour 
of organic liquids (** oils ”) had to be distinguished from that of mercury'. 
In the case of oils emulsification was due to the collapse of cavitations 
produced by the ultrasonics at the interface of the two liquids. In that 
of mercury, drops of the other liquid driven into the mercury cause thin 
metal films to burst, thus forming small drops owing to the high inter- 
facial tension. 

In this paper some quantitative results are discussed concerning the 
nature of those emulsions, produced under different conditions.* Two 
points are of special interest : the amount dispened under different con* 
ditions and the degree of dispersion. 

A standard method of emubifying is obvious in order to obtain repro- 
ducible and comparable results. Such a method is not easily reali^ ; 
even when allowing for only a small degree of accuracy. The main 
difficulty is that the d^ree of emulsir>carion dqpends on the mechanical 
vibration-energy, and the latter depends on several factors which are 
bard to control : a small difference in the thickness of the walls of the 
vessel used,* the relative positions of the vessel and the vibrating quartz 


X C. Bondy and K. SOllner. Trams, Farad. Soc., I035* 31* B35« S43. 

* Conf. preferably W. T. Bichaids, /. Am. Ckem. $ic„ 1929, gtp 17Z4 ; H. B. 
Bull and K. S61lner» KolL Z„ 1931, 4^ 263 ; M. Regghittt* CJt„ 1935, 123 

*The sound tneegy transmitted throimh a aoud wall depeim inxMi toe 
thickness of the latter ; cf. e.g,. Lord Rayle^h. Theory o/Sotm/(tMl VoL 11.. 
p. 86 ; R. W. Boyle and G. B. Tayknr, Physic, Beo„ 1926, jy, 318 ; It W. Boyle. 
Science Progress, 1928, 75 ; £. Hfedmnann and H. R, Asba^. Phyrib, 1933. 
34* 734* But. as with test tubes the main part of the energy is tranemitted V 
tnuMveiM vibmticms of the walk and acd kmgitwdlM 
jC/. alM S. Jf. Sdkolofi. Hochr.^Tmbim,, 29Z9rZ> 454* N. N. Malov and 
S. N. Rsdievlon : Hochfiegmensteekn. m. Elehtroah., 2932^ 40, 134. The thick* 
ness of the gfaes is not ao crittcal as otiberwiee be expected. At thick 

walled tubm have a mnoh immihw teii^cy than thimiir waited ^ 
traiiivetedy^it ia advtahie te dmote tnhea erf a moderate waO thklmii, made 
Irm a high 0 m and well an ne aled^ otherw^ th^are habte to break 

aM thus te tee oilbath. 
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plate/ the position of this plate between the electrodes, etc., may cause 
marked difierences. Further, it is impossible to perform the experi- 
ments under isothermal conditions ; the temperature of the liquids rises 
mor^rapsdly with increasing degree of dispersion, because heat is evolved, 
especially at interfaces.^ This heat effect cannot be counterbalanced,^ 
even if the oilbath is cooled with streaming water. Yet, the formation^ 
an 4 the properties of an emulsion depend upon temperature. Again, 
there is no satisfactory method available for ^rect measurement of the 
energy of hl|;h frequency sound waves. T^e only known factor is the 
amount of energy, characterised by the electric current, which enters 
the vibrating circuit.* Finally, the mechanical output may vary to a 
certain extent whilst the energy remains constant. 

We do not claim that the experiments hereafter recorded have been 
carried out under, in any way, optimum conditions, but the conditions 
were those which in laboratory use proved to be good and convenient. 
The result* — the first quantitative data to be published on emulsions 
prepared by ultrasonic waves — may nevertheless be of some interest, 
and they give suitable information on the general efficiency of this 
method. 

Exyieriments have shown that the concentration of an emulsion pro- 
duced, when maintaining the external conditions of the vibrating system 
as nearly the same as possible, did not vary ^ more than ZO per cent. 
This indi< how far the external conditions may be reproduced ; yet 
this IS only true, if the experiments are performed by the same e3q>eri- 
menter who always dips the tubes in the same way into the oil fountain. 

The experiments were carried out with 3 c.c. w^atcr, plus 3 c.c. of oil 
and 5 c.c. of liquid and 0*5 c.c. of Hg respectively, in test tubes of about 
15 mm. internal diameter. 


1. Water-Oil Systema. 

<a) Some Senti^Quantltalive Data on Water*Oil and CMl*Watar 
Emulakma. 

.\s the main interest of this communication is not so much concerned 
with the nature of a great variety of emulsions, but mainly wi^ the 
manner in which emulsions change with the conditions mentioned above, 
<mly seim-quantitative experiments with dffierent substances were carmd 
out ; 3 c.c of i*V. KCl solution (to exclude as far as possible diffisraiCQS 
due to a dffierent charge of the different substances used in this series), 
and 3 C.C. of oil were irraffiated in thick-walled ** test tubes of Monax 
having an mtemal diameter of about 15 mm. The energy was only in- 
dicated by the strength of the curteut entering the secondary esuenit 
0 Ip milbainps. in this series). (Some fmther detmls relating to the energy 
question may be found in an earlier paper.^*) 1% com^tratkii^ nf Afti 
emnlsloiis was estimated from their g 

The results are {bund in^hbfe I. 

The sEiMBty cd the emulsions is moderate. The concentration is dis- 
tinctly smaUer after several hours. The droplets in both emulsioDs creem 
up or settle down lespectivdy and unite wi& the coherent phases. The 


^ W. T Kkhatds and A. L, Locmit, /. Am. Ckm. rps7« jotet. 


* K. W Wood and A. L. Loomis, Pi 

* H. FreomtHch, F. Rogowski and 




<933* V* 


A23. t 

* W. T. Rkhards, U. also assemsi siiudimitn eneur to he so tMuroenL 
With stahfflted Hg emutsiofis our vatam were even less teprodueilile. 


30 
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• 

water phase is usually quite clear after standings over night, the qil ^tesa 
in most cases, the viscosity playing an important r61e. With suitable 
stabilisers very concentrated and stable emulsions may be obtained. 

Similarly, many organic liquids, or more correctly their saturated solu- 
tions, may be emulsified m each other. 


(b) Quantitative Measurements on Emulsions of Toluelltei^n 
Water. 'JJ 

As a standard example for more thorough investigation, toluene-in* 
water emulsions was chosen, and the results obtained here may fairly 
accurately also hold for a great many other similar substances. ' 


TABLE I — Concentration of Oit — W ater and Water- Oil— KUmsIons. 
EfiERGY no MILLIAMPS. TiME OF IRRADIATION I MiNL'TE 


Sub<st.i.oced. 

Degrvr of 

Neater 


...... 

f y < . 

* 

HaO-Toluene .... 

-t- t S . 

* 

l^O-Xylene ...... 

. } 4 . 


H,0-C3rcIohex<ine 

f 1 

r 

H*0-T«trahydronaphtalene ( 1 etraJm) (techn ) 

’ f 

t 

HtO-I>ekahydro]iaphtaleue (l>e*ka]in) (techn.) 



HgO-PetroU?um ether . 

Very poor 

Very poor 

Hi^O-ParafiG^n oil 

^4 

i 

H|0-CarbontetrachJoride .... 



HgO~Chlorofonn .... 


•r 't- 

H*0-Tctrachlorethane .... 

T » 4 

-f >y -r- 

H^O-Tetra-chloro-eth) It ne . 

r f ‘ ^ 

T 4 * - 

HfO-Bromofonn 

- t 4 ^ 

' * 

HgO-Bromonapbtaiene .... 

; ^4-4 ^ ' 

i » . 

H,0-Nitrobcnzene 

.( 4- -f 


H|0~ Anihne 

H,0-o-Toluidine ..... 

r 4“ T* +• 

! * ' 

4- .y. 4. f 

♦ 

H,0-AmylalcohoJ ..... 

.. 


H,0*Cyck>hexanol 

i 4-4 

poor 

H|0>-w-Cre«ol ...... 

4. 4. t . 


HgO-Ethyl actate 

{ 

Vrrv* iKnir 

HgO-Ethyl-acetoacetate .... 

4' 4" 


H,0-Etber . .... 

Nil 

KU ’ 

HgO-Oieic at id 

4-^4. 

I 

* xf- 


In Table II. (<i) the concentrations of the toluene-wvter emalsiaa* 
obtained with varymg time and energy <d irradiatkm are rec<Mrded. 

3 c.c. of toluene (pure, sulphnr-firee) and 3 c.c. of nonnal distiUed Vrater 
were irradiated in thick-walkd (about t mm.) test tabes of Monax tfaas, 
having an internal diameter of about 13 nua. Tbe conontratioil M tlie 
emulsion was cakulated from its density, tbe tatter being de te rmined by 
means of a fyknameter. A fresh tube was used ki every expeftaunt. 
Hence, one may conclude from Tatde II. (a), to a certain exteaC bow far 
the results sre reproduoble ; for instance, whether experiments p erformed 
with a constant energy stam a regular trend. Tbe energy was, a* nsual, 
only indicated ly the strength of tbe current (in miOiamps) entering tbe 
secondary circait. 

In pure emulsions (not containing emnlsifienf) it was to be expected 
that the concentration wouM rapidly teach a ttaiting vahie : tbe fate of 
emidatfication becoming equal to the rate of c oaga i a^oa, 1.*., the Mitrttb 
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which dro|deta unite to larger ones and coalesce with the bulk of the 
oil. This In^tkig is 4 ^ 2 - 4 *$ per cent, (per volume), when using high 
energies ; with 80 milliamps it is reached in 3 minutes, with 115 milliamps 
m 30 seconds. Obviously, the rate of formation increases strongly with 
incre a s in g energy ; hence, it is surprising that the limiting value for 1 15 
milliamps is not higher than that for 80 milliamps. We must conclude, 
from this fact, that the rate of coagulation also increases with rismg energy. 
B^ow 50 miUiaiiips the energy is not sufficient to cause emulsification. 
At 50 mtlii^ps the limiting value is low. 

With hin^ energies (115 milliamps) the concentration decreases, when 
ir r ad i a ti n g for a longer penod. This is probably due to an effect caused 
by an increase of temperature, perhaps also to the degassing of the liquid. 
' Hiah temperature is disadvantageous for emulsifying, by i^asontcs {the 
^uapse of the cavities being less pronounced), and moreover favours 
coagulation. 

These oils,*' s,g., toluene arc mostly distinctly hydrophobic, and the 
emulsions which they form with water on shaking, without addition of 

TABLE 11 - Concentrations 


ItBTiy la 
aUUMpe. 

Dupme PbMe la \ol. For C«at. 

i 

_ *• 

Tmur of Irr 

! *■ 1 ‘ ‘ ! 

vdiation in Minutes 

1 1 5 j 

1 * 5 * 

30. 

(a) Totuene - 

Water 

* I 1 i 

--Emutalona. 




50 

- 

i 0-0 s > 1 

1 { ^ — 

1*8 

i «8 

So 


I » -8 3 5 1 1 

4-1 3 -'> 

4-2 

— 

1*5 

5 5 

4-5 1 3-9 -- 1 

1 - - 1 3 » 1 4-8 

27 


(b) Tohaene/Sodium Oleate—Solutlon. 




50 

, 

«-4 i 44 i - 

1 1 I ” i “ 

1 1 

1 

80 


2*0 1 4 5 1 12 

>8 - 39 

1 45 




Kutire amount emu 

Kified uii to concentration of 75 per 


1 

tent 1 j 

f 1 1 

_ ’ 1 




mulsifiers, so far as they are stable at all.* are very dilute. Emulstons^ 
moduced uHraaontc waws are much more concentrated ; evidently theV 
mctors cusiiig dispersion are more powerful than in the case of shaking 
sitning. 

The degree of dtsperston was determined m the k>Uowiiig manner : a 
mall amount of the emulsion was diluted with 5 to to times its vcdume ol 
a a per cent gelatin solution. A drqp of stabUised emulsion was 
heoiight on to an object slide (having a cavity) and held lor 30 minutes in 
a drying oven at 30^ C. : the parBdes ol the smulsiDn cream up and 
gather bdow the cover shde wiuiout undergoing coagu l a t i on . After the 
preparatioii had faeaa examined undisr the mkaosoom a typical ffdd was 
(a mter immeielon Imi and a m ag ntfic a t ion of 1000 being 
uM). Onlim|*e»tcigimphabcmt)mdKOpkdawe^ 

AMhoai^ thii lumber may not be quite large enough for statistksl pdr* 
pcNMiL it is sdeaitAts foe our pum ose. 

EnnWoMJKra MMially cumdbnted by Clisnomtwr ofiNurtklss baviag 
ft cMtftia dae. Ira autthod bfts it» dfftwbftcin. whea the ftomlsions an 
very vaevesly grained, as is the preanitraae ; it is nrid g B SSi b is to see 

W. Osytoft, TktarytrfBimtMm mti Tk*» Ttetuumt Xmtmmk 
p. 5 imsi' 
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bow the mass of the disperse phase is distributed among particles of different 
size, aiui this is actually of greater interest. The masses change in a ratio 
of 1 : looo, if the ratio of the particle sizes changes from i : lo. We have 
therefore preferred masses to numbers.* The results certainly are clearer, 
but they are represented less exactly ; since we count statistically an 
insufficient number of particles, the rare appearance of specially large 
particles may be a serious cause of error. 

Table 111 . (a) shows the distribution of the mass of particles (per cent, 
of total volume of disperse phase) among the particles of different size 
(diameter in ft). 


TABLE III. — Dbgs£B of Dispbrsiok. 


Energy in 
Milliamps 

Tine of 
Imdiation 
in 

Minutes. 

Relativn Masses of Disperse Phase in Per Cent. 

j 


Diameter ( 

>f Particles 

j Sm- ion. 

1 1 



1 




1 1 



(a) Toluene — ^Water— Emulsions. 


50 

3 

2-3 

28 

3 ^> 

34 

0 

50 


2*3 

28 

47 

23 

0 

80 

i 

5-5 

30 

21 

20 

24 

80 

3 

1-5 

25 

29 i 

20 

25 

115 

i 

2*3 

29 

28 

33 

7.7 

II5 

3 

2-8 

24 

25 1 

22 

26 


(b) Toluene/Sodium Oleate — Solution. 


50 

3 

9*6 

68 

16 

57 

0 

50 

15 

4*8 

33 

37 

25 

0 

So 

i 

16 

45 

38 

0 

0 

80 

3 

3-7 

56 

40 

0 

0 

125 

i 

5-8 

36 

29 

25 

3*8 


(c) Emulsion of Toluene/Sodium Oleate — Solution, Dispersed by Steam. 


Disperse Phase in Vol. 

1 

1 



1 


Percent. 







12-3 

2-8 

16 

18 

16 

19 

2S 


Highly dispersed emulsions are formed, when the time of radiation is 
short and the energy small ; under these conditions the concentration is 
low {cf. Table II. (a)), hence the tendency to coagulate is small. A long time 
of inflation and a high energy favour coarser particles. 

Dispersion becomes much more effective if an emulsiffer is added 
(Table II. {b)). Experiments were performed under the same conditions 
with toluene and an aqueous solution of sodium oleate (i per cent.) . Sihce 
a ^ight excess of alkali favours the emulsifying action of a pure soap 
solution, the aqueous solution was prepared by adding somewhat more 
than the equivalent amount of NaOH to pure oleic acid. 

The concentration of the emulsion increases with increasing time of 
irradiation, approaching the maximum value of 50 per cent, ffrst rapidly, 
then more and more slowly. Wj^an en^fy^oi 1 r j milliamgs (and higher 

* The particles were couhted and their masses calculated in the following 
way : ^le numbers counted referred to particles with a diameter below Xfi, 
between r and 2p, between 2 and 3p, etc. When calculating the masses the 
average dimmer of i*5p was taken for the particles between i and zp, 2^514 for 
those between 2 and 3, etc. To simplify the tables the relative masses of two 
neighbouring classes as to size were uni^. ^zes not mentioned in the ta)Mes 
were not observed. 
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values) toluene is emulsified in an equal voliune of soap solution in less f 
jtfiM 3 o,l® 52 «ttas: - If 

luspersed, until a igdlflicentruti^ is reached. On 


adding mote toluene, the emulsion breaks : a thick layer of hydro- 
carbon appears on the top of the aqueous phase. It is rather surprising 
that the hinting value reached in this way agrees so well with the maximum 
concentration, 74*04 per cent, calculate from Wa. Ostwald's phase 
volume theory, although the premises of this theory are not fulfilled, the 
particles being neither of equ^ size nor undeformable. 

A comparison of Tables III. (a) and (6) shows that the emulsifier favours 
a higher degree of dispersion : a very distinct maximum is found for 
particles with diameters between 2 and 4^1 ; 95-xoo per cent, of all are below 
Exidently ultrasonics emulsify eflicientiy^_mthjuin|ik emulsily- 

mg devices so finely grained emu^oui not be pro duct. It is of no 
avail to continue ir^liafrng iw emulsion already iSSneif; the pa^cles 
merely become somewhat coarser. Table III, (6) shows that this is also 
the case with stabilised emulsions. This seems to prove that the presence 
of stabilisers does not prevent these emulsions becoming coagulated by 
ultrasonics, whereas the protection by sodium oleate is so strong that the 
mere increase in concentration would not cause the droplets to unite. 


TABLE IV. — Toluene— Water — Emulsions. The Influence of the Air 
Pressure. Time of Irradiation | Minute; Energy 115 Millxamps.* 


Air 

Prtmort 
in mm. 

Hf. 

Difip«n« 
Pbnw 
in VoL 
per Cent. 

Relative Maaies of Disperse Phase in per Cent 



Dian 

leter of Pax 

tides 

1QP-X51*. 

XM*-aopu 

200 

■1 

1*6 

12 

25 

16 

19 

27 

0 

760 

mtm 

3 3 

23 

24 

21 

21 

7-9 

0 

1 100 


30 

19 

22 

21 

18 

x8 

0 

1500 

HH 


9*3 1 

' 16 

13 

19 

16 

26 

2300 

KH 


23 ! 

! 33 

23 

18 

0 

0 

4000 

H 

m 

37 ! 

! 

27 

32 

0 

0 

0 


• Difierent glasses have been used as in the other experiments. 


When discussing the mechanism of emulsification in a previous paper^^ 
the infiuence of pressure was proved to be characteristic. Table IV, records 
the distribution of particle ^izes for the samples irradiated at difierent 
presuress, the liquids being saturated with gas ; the concentrations were 
as before. 1 The time of irradiation was 30 seconds, the energy 115 milli- 
amps ; 5 c.c. of toluene plus 5 c.c, of water were used ; the test tube had 
a width of 2*5 cm. Stabilisj^jfysJ^^^ coul^qtJse^ 

.wfty because spontaneous emul^cati^^pQQiiiiTK^ 
with J^e 

The degr^bf dispersion shows two minima : one at very low pressures, 
one at about 2 atmospheres. This rather complicated behaviour may 
probably be explained when constdering the medianism of emulsificatkm 
and the fact that in the same S3rstem toth high concentration and coai^ 
particles are usually favoured by similar conditions. 

The emulsification of oils by cavitations produced by other means (r/. 
previous paper, p. 83S), t.^., by the collapse of steam bubbles^ was also 
investigated as to degiee of dispersion, An emulsion, prepared in this 
manner, stabilised by sodium oleate, was investigated as to particle distri- 
bution (c/. Table III. (c)). 

Wa. Ostwald, *03 ; 2910.7,64; 1929* 47 « 131* 
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This result may be compared with the first experiment in Table III. (h) 
(50 milliamps, time of radiation 3 minutes ; cf, also Table II. (6)). With 
ultrasonics the maximum is obviously more distinct ; the emulsion is more 
evenly, and also more finely grained. 

2. Metal Emulsions. 

Mercury and oils differ as to their mechanism of emulsification (cf. 
the two previous papers *). This difference is probably due to the high 
interfacial tension of mercury. Since fused metals also have high inter- 
facial tensions, we may expect them quite generally to be emuLsifi^ by the 
same mechanism. This was confirmed with Wcxxi's metal, tin, sodium 
and potassium. 

Concentrated emulsions in aqueous and non-aqueous liquids may be 
prepared with Wood*s metal. The regulus of the metal, solidified during 
irradiation, always contained marked amounts of enclosed liquid,* and its 
surface was covered with a large number of blisters. This is clear proof 
that dispersion is actually caus^ by the bursting of metal films covering 

TABLE V. — Concentrations. 


tHspenc Phase in g/L 


Energy in 

Milliaxnps. Time of Imdiation in Minutes 


1 .. , .. 

1 3. 

3- 

5* 

to. 

*5. 

JO. 

1 1 








(a) Emulsions of Hg in Sodium Citrate — Solution. 


70 

I j 2*2 

— 

4-6 

6*2 

6*3 1 

<>•1 

lOO 

40 6-3 5*2 

64 

— 

5-5 

0‘4 1 

— 

130 

— I — 1 6*3 

. — 

5 5 

— 

— 

— 


(b) Emulsions of Hg in Lysalbinic Acid — Solution Concentrations. 


Oo 

i 


11 

7‘5 

— 

16 


12 

12 

IDO 

6*4 

10 

] I 

— 

— 

23 


63 

— 

130 

15 

19 

57 



57 


53 



bubbles of the dispersion medium. Very finely grained emtdstons are 
produced in bromo-naphthalene and tetrachloro-ethane ; they contain a 
large amotmt of particles of colloidal sise ; when the coarser particles have 
settled, the fluid above them is a stable, brown colloidal solution. Under 
the ultramicroscope strongly scintiUating particles are visible, as is fre- 
quently the case writb colloidal metal solutions. 

The alkali metals form concentrated emulsions in organic liquids such 
as paxafhn oO and xylene. Those in parafi&n oil have very intense colours : 
reddish violet in the case of sodium, bluish green in that of potassium 
(owing to oxidation these colours disappear in course of time). 

Mercury is the most smtable metal for quantitative experiments, since 
it is easily pu^ed, and is chemically fairly inert. Table V. (a) records 
the concentrations found with 0*5 c.c. of distilled mercury in 5 c.c, of 0*002 
mol. sodium citrate solution.^* 

The limiting concentration is about 6 g. per litre ; its absolute value is 
pr^tically independent of the energy introduced, but the rate with which 
it is reached increa^ with increasing energy. With Somewhat smaller 
energy (50 or 60 milliamps) the rate of emuisificatioii is so low that no 
equilibrium can be reached within a reasonable time. 

“ H. B. Bull and K. SOllner, toe. cit^ 
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In order to determine the degree of dispersion the emulsion, just formed, 
was stabilised with lysalbinic acid and glycerol was added to minimise the 
Brownian movement, and was then photographed, after having sedimented 
entirely (Table VI. (a)). ^ 

These emulsions are more finely grained than oil emulsions, but the! 
droplets sediment fairly rapidly owing to the high density of mercurj^ 
With increasing energy and time of irradiation they become coarser, even 
when the concentration remains unchanged. 

Similar experiments were performed with solutions containing an emulsi> 
her ; the mercury was dispersed in a 0*05 per cent, solution of lysalbinic 
acid, a substance well known as a powerful stabiliser for metals. Tables 
5(6) and 6{b). 

It is rather surprising that the drops of the stabilised emulsion are dis- 
tinctly coarser than those of the pure ones. This is probably due to the 

TABI-E VI. — Degree of Dispersion. 


£n«m in 
MiUiamps. 

i 

1 

Time of - 

lrr»diatioa | 

in j 

Mtnutns. | 

i 

Relative Masses of Diiperie Fha»c in per Cent, 




Diameter of Particles 

j 4 M- 5 M. 

i . - ! . . 


6 ^ 7 m. 

(a) Emuislotu 

i i I 

of Hft in Sodium Citrate- 

i i 

—Solution 



t>o 

15 

1*2 

32 

20 

1 41 1 0 

0 

— 

70 


3-5 

37 

40 

' 20 1 0 

0 

— 

70 

5 

l-H 

3 ' 

30 


0 

— 

100 

i 

II 

34 

31 

’ 20 * 14 

0 

— 

100 

2 

O'b 

2 b 

34 

‘ j; ; 19 

0 

— 

(b) Emulsions of Hg in Lysalbinic Acid 

—Solution 



60 

L 5 

15 

2 f* 

5 ^ 

1 41 ; 0 

0 

0 

70 

1 

O'S 

1 1 

3 ' 

'3 i 

18 

0 

70 

5 

0-3 

b'l 

23 

i 30 j 3 ' 

9*4 

0 

100 

i 

or* 1 

14 

27 

41 16 

22 

0 

100 

2 


7*4 

^3 

' II i 48 

3' 

0 

Uo 


0 -. 1 

5*2 


j 18 j 23 

i 1 

39 

0 


following facts ; large drops, if formed at all, are stabilised by the emulsifier, 
and are therefore more likely to survive in stabilLsed emulsions , in pure 
emulsions they have a stronger tendency to disappear, coalescing with the 
bulk of the mercury. This easily happens, for the majority of metal films 
break in the interior of the mercury,' when bubbles of the non-metallic 
solution are driven together ; the drops arc there very close to the bulk of 
the metal. Large drops arc formed, when thick films disrupt.'* So long 
the external vibrational en^y is small such thick films become spon- 
taneously thinner, and only disrupt owing to the action of the interfacial 
tension. If, however, the vibrational energy is large, it will cause the 
disruption of thicker films. The stabiliser may also favour thicker films : 
tlie rate at which these become thinner w'iil be smaller when the mercury 
moves between the twv films of adsorbed stabiliser ; the life of the thick 
film is longer, and hence it is more probable that it will be dispersed by the 
high vibrational energy. 

On theoretical grounds. N. Marinesco has also come to the conclusion that 
ultrasonics of high energy produce coarser eniutsions than vibrations of lower 
energy. But as we are unable to agree with his assumptions on the mechanism 
of the formation of these metal films, we prefer not to discuss bis calculations on 
the relattonshtp of particle sire and energy. 

20 ♦♦ 
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Here the Hg is always covered with a thick grey sediment, which 
grows with increasing time of irradiation. Although these stabilised emul- 
sions settle out and become somewhat coarser in time, they are very stable, 
and may be readily redispersed by gentle shaking, even after several weeks. 
The non-stabilised emulsions of Hg in water coalesce much more quickly ; 
after several hours the amount still dispersed is distinctly less, and after 
24 hours only a small fraction of the dispersed Hg has failed to unite udth 
the metal in bulk. 

j We compared the emulsification of mercury in a number of organic 
\ liquids. In all cases 0 5 c.c. of mercury and 5 c.c. of liquid were irradiated 
with 1 15 milliamps for i minute. The concentration determined under 
these conditions is generally already the limiting value found lor sodium 

TABLE VII. Emulsions of Hg in Organic Liquids. Conxentrations and 
Degree of Dispersion. Energy 115 Milliamps. Time of Irradiation 1 
Minute. 





Relative Masses of Particles in Per Cent. 



Disperse 









Medhun of Dispersion. 

Phase 

in 

S. I- 



Diameter of Particles. 








’ 3 M 4M. 

j 4 M- 3 #*- 

[ 


7 ** 


Methyl alcohol 

2 0 

- 





( 

I “ • 




Ethyl alcohol 

4*7 


1 -- 

— 


1 



... 

«-Propyl alcohol . 

»-4 

I-O 

24 

34 

28 

*3 


0 

Q 

i 50 -Propyl alcohol . 

ll‘2 


— 

— 




’ 


-Butyl alcohol 

<S 7 

of) 


25 

10 


21 

0 <5 

0 

Cso-Butyl alcohol . 

12*1 


— 








7>o-Amyl alcohol 

J 7 ’^> 

JO 


JO 

^7 

fi 

>3 

4 > 

0 

Ethyl acetate 

ro 

— 

— 

— 







Chloroform . 
Chloroform (cooled 

1*2 1 

1 

I 1*4 i 

34 

49 


0 

0 


0 

with COg-Ether) 

3-2 ; 

l ‘9 

3 « 

2Q 

18 

Li 

0 

0 

0 

Nitrobenzene 
Nitrobenzene (with 

75 ; 

07 

lb 

42 

26 

lt> 

0 

0 

0 

rubber) 

Petroleum ether 

17-3 1 

( 

0-3 


12 i 

^ i 

1 

8*4 

*5 j 

* 5 

40 

(with rubber) 

— ; 

07 

95 

15 

x(> 


12 i 

20 

0 

Ethylene glycol 

70 

07 

9-2 

12 

1 1 

1 12 

j 

35 

0 

Glycerin • 

i *-3 

I'2 

18 

21 

to 

' 7*3 

! **** 

' 43 

a 

Benzyl alcohol 

122 

O'i) 

11 

1 1 

70 

' II 

s *4 1 

1 45 

0 

Paraffin oil . 

— 

II 

U 

M 

t4 

lO 

: 18 : 

3 * 

0 

w-Butyl chloride 

0-4 

— 




1 

: j 



Ethyl bromide 

123 

— 




i 

1 

. 

i 


• No saturation was obtained after i minute irradiation. 


citrate solution (cf. Table VIII.) and also for non-aqueous liquids, provided 
that their viscosity was not too high. In order to microphotograph and 
thus determine the degree of dispersion, the emulsions were mixed with 
viscous paraJin containing a small amount uf rubber. 

We make no mention of several liquids, because the concentratiun was 
too small to be determined : cyclo-hexane, petroleum ether, ben sene, 
toluene, xylene, ether, acetone, chlorobenzene, carbon disulphide. These 
liquids also, however, can form unstable and not very concentrated emul- 
sions, if exposed to ultrationics at a temperature close to the melting point 
of mercury. 

With viscous liquids, such as glycol, glycerol, benzyl alcohol, very con- 
centrated emulsions are produced. In this respect, mercury differs 
markedly from the " oils/’ As regards the latter, a hig^i viscosity of the 
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aqueous phase is most disadvantageous for emulsification (Table VIII.), 
The amount dispersed was only estimated approximately from the aspect of 
the emulsion, a method which, as mentioned above, has been proved to be 


TABLE VIII. — 'ruE Influence of the Viscosity ok the Emulsification of 

Benzene and Hg. 


Medium of Dispmioa. 

Viscosity of the 
Medium of 
Ditpeisiou 
XO 001 } (so*}. 

Turbidity of 

— 

Pispesi 

Benzene. 

JieEmulsioiL 

e Phase 

Hf. 

Water ..... 

10 


444 

Cane-sugar <>olution 10 jK*r cent . 

^3 

, -h -h-f 

4444 

,, M ^0 

19 

-f 

4444 


— 

■+'4* + 

4444 

i« I, ' <» 

fK> 

■4 4-4* 

44444 

» , . » , , 

— 

44 

44444 


5^5 

— 

444 4 4 

Ethylene ghcol 

173 

4. 

4444 

(Glycerin .... 

14000 

) 

— — — 

4444 


sufficiently trustworthy. Benzene serves as an example for all other 
organic liquids. 

This dissimilarity shows again the distinction which is to be drawn 
with regard to the mechanism of emulsification : high viscosity tends to 
prevent the formation of cavities, and the consequent strong mechanical 

TABLE IX.— Inflikkce of Air ufok the Emulsification of Hg. Energy 115 
Milliamfs. Time of Irradiation 2 Minutes. 


j Kflutivf Masses of Disperse Phase ia Per Cent. 


Medhjin of , 

Difpcrsiosi. 

Dispeme 1 
fisiese m f .. 1 . ! 

i 



Diameter of Pertidet 

3 H itt, j 5 #»- 6 si. j 

1 


UistilleU H ,0 • 

i 

! 4 3 

: 

! 

i 

20 

iS 

0 

0 

0 

i>istiHrd H ,0 
boil<>d • 

«*7t 

30 

39 

I 24 


11 

0 

0 

0 

Sotlium -citrate 
solution 
(boiled) • . 

J '3 

2*4 

1 i 

I 

1 

i 39 

3 * 

0 

0 

0 

0 

Solution of 
h^Ibinic aciv! 
(boiled) * . 

i6-5 

0*6 

10 1 

i 

26 

12 

26 

20 

0 

0 

a- Butyl alcohol 
(in VMM) 1 . 

<»'2 

0*2 

2*1 

4-6 

11 

20 

12 

1 

20 

3 J 

XttTobenreuf 
(i»i eat tio) ; . 1 


0*5 

fO 

20 

20 

14 

*4 

32 

0 


* 0 5 cx. Hg and cx. of liquid were radiated in tubes of 25 mm. diameter, 
t With carelttlly degassed water the emolstons are still less concentrated. 

1 0*5 c.c. Hg and 5 c c. of liquid were radiated in the usual tubes. 


effects when the cavities, if formed, collapse ; hence oils are but feeU^. 
dispersed in highly viscous liquids, so long as they do not show a stroius 
protecting action. In the case of mercury a high viscosity of tire otiidr 
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phase does not seriously interfere with the formation of thin mercury films 
and their disruption. Thus small drops of mercury may readily be pro- 
duced and high viscosity favours the stability of the emulsion formed. 

In the homologous series of the aliphatic alcohols the stability of the 
emulsion increases, when ascending the series. To a certain extent, the 
change observed when passing from one alcohol to the next recalls the 
variation kno^vn as Traube’s rule. The distinctly stronger emulsification 
in bromine derivatives when compared with closely related chlorine com- 
pounds is remarkable : ethyl bromide producing a concentrated emulsion, 
butyl chloride a very poor one. A similar difference exists between bromo- 
and chloro-benzene. Probably some surface reaction in the case of the 
bromo-substituted compounds is the reason for this behaviour. 

Table VII. shows further that — as in the case of stabilised and non- 
stabilised aqueous mercury emulsions — a high limiting concentration may 
frequently coincide with a low degree of dispersion. 

In previous experiments it had been observed that these unprotected 
emulsions are in many cases markedly stabilised by gases. Some deter- 
minations of the limiting concentration and the degree of dispersion are 
shown in Table IX. 

In aqueous emulsions the influence of air is very distinct : in absence 
of air the limiting value is much smaller, both in pure water and in citrate 

TABLE X, — CH.\NGfc: of Concentration of Hg-Emulsions in Covrse op 

Time. Energy 115 Milliamps. Time of Irradiation. 


Tirade after 
EmulsiScation. 

Di&pene Phase in g./l. 

lo Nitrobenzene. 

In n -Butvlalcobol. 

•f Air. 

In Vacuo. 

• 4 - Air. 

in Vacuo. 

I minute 

8-4 

6*4 

7-6 


30 minutes , 

64 

i-(. 

3*5 

1 -2 

3 hours 

50 

1-3 

2*4 

^*5 

16 hours 


0*9 

2*0 

Nearly clear. 

48 hours 

3*0 

1 

Nearly clear. 

I *0 j 

1 

Clear. 


solution. A stabiliser such as lysalbinic acid is, of course, more powerful 
than air. Again, the more stable emulsions are coarser. The influence of 
air does not at once appear so distinctly in organic liquids. The limiting 
value shortly after irr^iation is not so much changed. The difference 
becomes more obvious in course of time, the drops in the air-free emulsion 
coalescing more quickly than in those containing air. Owing, probably, to 
this rapid coalescence, the air-free emulsions seem to be coarser (Table IX.). 

Table X. also indicates quite generally the degree of stability of Hg- 
emulsions in organic liquids. In solvents with a higher emulsif)ring power 
and higher viscosity, the emulsions (although settling down) are usually 
somewhat stable ; in liquids like methyl- or cthyl-alcohol the particles 
unite in the course of several hours with the Hg in bulk. 

In the presence of rubber as a stabilising agent very concentrated and 
stable emulsions may be obtained in many organic liquids. 


Summary. 

I. The concentration and the degree of dispersion w'erc determined in 
emulsions produced by ultrasonic waves under different conditions of time 
and energy of irradiatioq ; the investigation was extended to emulsions of 
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organic liquids in water and vice vema, and of mercury in water and 
organic liquids, both in the presence and in the absence of an emulsifying 
agent. 

Our heartiest thanks are due to Professor H. Freundlich for his 
interest in this work. We are also greatly indebted to Professor F. G. 
Donnan, F.R.S., for his generous hospitality. 

From the Sir William Ramsay 
Laboratories of Inorganic and 
Physical Chemistry^ 

University College, London. 


NOTE ON THE DECOMPOSITION OF NITROGEN 

IODIDE. 

By \V. K. Garner and W. E. Latchem. 

Received 20th December, 1935. 

The composition of nitrogen iodide, when prepared by the addition 
of iodine to concentrated ammonia solution/ is very probably NIj . NH3. 
According to these authors, it decomposes giving nitrogen, iodine, and 
ammonium iodide as products in the proportions given by the equation 
8NH3NIJ1 — 5N1 f 6NH4I + 9lj, and Eggert has shown that it gives the 
same products whether it is decomposed in the dark, or under the action 
of liglu or by detonation. The dark reaction proceeds at a measurable 
rate at room temperature, 80 per cent, being decomposed in 24 hours. 
The substance appeared to be promising for investigations into the rela- 
tionship InHween thermal decomposition and detonation, similar to 
those previously carried out on lead azide, lead st>qphnate, and mcrcur>^ 
fulminate, in which cases measurements were made of the change in 
length ol induction period with temperature, and the rate of the thermal 
decomposition immediately preceding detonation.* 

Eggert stales that it is possible to dry NH3. NI3 in a cathode vacuum 
without appreciable loss of weight, but this we have found to be im- 
possible with an iodide prepared by running 880 ammonia into iodine in 
potassium iodide. The dry iodide always detonated after a few minutes 
at pressures below 2 x io~* cm. at the temperatures — 20® — 20®C. The 
detonation apparently occurred as soon as the solid became dry. This 
made it impossible to proceed with the measurement of induction periods 
but the occurrence of detonation under such conditions was a pheno- 
menon which was in itself of sufficient interest to warrant investigation. 

Experimental. 

Nitrogen io<lide was made by niniiing 10 c.c. of 880 ammonia into a 
few c.c. of 0^7 molar I4 in normal Kl solution and the precipitate washed 

^ Chattaway and Orton. Amer. Chem. J . 1900. 34, 159 ; Kggcrt. Z. EUkitc- 
ckem., 1941. 547* 

• Garner and Cknum. 1931. 2123 ; Gamer and Hailes, Pf oc, Rw, Soc, 

1933. 57b ; Hailes, Trans. Faraday Soc., t933» a9t 344. 
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free from potassium iodide with N/ioo ammonium hydroxide. Usually 
0*01 to 0*025 grams of nitrogen iodide were prepared at a time. The pre- 
cipitate was transferred to a small glass filtering funnel containing a pad 
of asbestos at the bottom and the bulk of the water removed by suction 
with a water pump. The funnel containing the iodine was lowered into a 
pyrex bulb, 5*5 cm. in diameter and 10 cm. long by the spindle device 
(Gamer and Gomm),* and the bulb evacuated through a carbon dioxide 
trap by means of a Hyvac and a mercury vapour pump. Phosphorus 
pentoxide was usually placed at the bottom of the bulb, to assist in the 
drying process. Detonation always occurred during the evacuation at 
pressures of the order of lo"** cm. On account of the well-known sensi- 
tivity of nitrogen iodide to a blow, the detonation might have been caused 
by the fall of small crystals from the side of the glass funnel on to the 
crystals below, so that it was necessary to eliminate this possibility. After 
washing the iodide on a filter paper, it was transferred on a spatula to a 
very fiat bucket made of either glass or platinum and introduced into the 
reaction vessel in this form. The chance of falling particles was thereby 



Fig. I. 


much reduced, but neverfheless detonation always occurred in a hard 
vacuum after an interval of time which varies with the temperature of the 
iodide. At 20® C. it was 25 minutes, at 10® C. 50 minutes, and at C 
60 minutes. It was noted that detonation occurred at about the time when 
the solid became dry. 

It was found possible to dry the iodide if the removal of water was 
^rried out at pressures not low^er than 2 x lo*"* cm., and havdng dried it 
in this way, to study the mode of its thermal decomposition. Approxi- 
mately 0*01 gm. of iodide (slightly moist) was placed in a flat platinum 
bucket and dried over a layer of PgO* at a pressure of 2 x lo^* cm., and 
the rate of evolution of nitrogen was measured on a McLeod gauge. Typical 
curves are given in Fig. i for experiments at - 17® and - 11® C. respec- 
tively. There was a quiescent period during which the increases of pressure 
were small and irregul^, which was probably due to slight decomposition 
purring while the solid was drying. After this period, the rate of evolu- 
tion of gas accelerated, then became approximately constant for a time, 
and finally slowed down practically to a standstill, although a large Imction 
of the iodide was still intact. 
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During the reaction, the walls of the vessel gradually became browned 
by the products, The dey^sit was transferred to the trap and on analysis 
was shown to be mainly iodine, and contained but a trace of ammonia. 
The reaction was thus occurring in an atmosphere of iodine vapour which 
increases in density with time, and it was possible that the retardation of 
the reaction was due to this cause. To test this, the pressure was reduced 
to 2 X 10“’ cm., and after a few minutes which sufficed to remove the 
iodine, the decomposition Ixjgan afresh. As before, the reaction again 
slow.s down after a time and can be accelerate<i again by the removal of 
the products from the reaction bulb. Usually O'Oi gm. iodide can be 
-completely decomposed after two evacuations of the products. On the 
other hand, if the pressure was reduced below 2 x 10""* cm., the residual 
iodide detonates after the lapse of a few minutes, just as it did during the 
drying process if the pressure fell too low. 

The length of the quu*scent period was irregular and probably depended 
on fhe amount of water present in the iodide at the beginning of the ex* 
piTirnent* Also the pressure-time curves were not reproduceable at any 
one temperature, so that <]uantitative investigation of the phenomena 
will prove a difficult matter. 

It was noted that the total nitrogen liberated was always 40*60 per 
cent, lower if detonation occurred at the commencement of the reaction 
than for decomposition without detonation. Similar phenomena are 
usually obik^rved when snuUl amounts of explosive are detonated in vacuum, 
and are due probably t<* the scattering of small particles of solid. 


Conclusions. 

Nitrogen iodide can completely decomposed at — 20^ C. and upwards 
without detonation occurring, if the pressure above the solid be kept above 
2 ^ 10“** cm. Under these conditions, the volatile products of the reaction 
accumulate around the solid and this prevents the reaction getting out of 
hand. The reaction may \ye brought practically to a standstill if the 
vapour pressure of the pnxiucts Ix'comes suthciently high. Water also 
confers a certain measure of stability on nitrogen iodide. 

In a hard \'acuum, ho\ve\ er, the water and the protiucts of the reaction 
arc so rapidly remfived from the neigh bourhootl of the solid, that the 
reaction gets out of hand anti detonation occurs. 

The decomposition of nitrogen iodide has many of the features of a 
chain reaction and the al>o\e phenomena can be explained on this basis. 
In the al>sence of adsorln-d water vapour or iodine, these chains have 
probably an infinite lengtli. thus accounting for detonation, lixline or 
water molecules adsorlxxl on the crystal surfaces are able to break the 
chains and so reduce the rate of reaction to measurable dimensions. This 
case IS of interest because in the solid reactions hitherto investigated, 
reaction <x:curs more readily in the interface between the solid and its 
products than on the liare solid surface, whereas the reverse is true for 
nitrogen iodide. It is thus an example of a negative catal^dac effect caused 
by the products. The instability of crystals of nitrogen iodide w^hen the 
surfaces are free from adsorbed water or iodine probably accounts for its 
high sensitivity to shock, for fracture of the crystals produces momen* 
tartly surfaces free from adsarl>ed gases, and under such conditions it has 
been shown that the crystals detonate. 

The Department of Physical Chetnislry, 

The University^ 
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THE BEHAVIOUR OF WATER HELD IN FINE- 
PORED MEDIA. 


A Correction 

By B. H, Wilsdon, D, G. R. Bonnell and Miss M. E. Nottage. 

Received I'jth January, 1936. 

We are indebted to Dr. R. K. Schofield of the Rothamsted Experimental 
Station for pointing out certain errors in our imper appearing under the 
above title. ' These involve the indirect calculations of hydrostatic pressure 
from the published data of other workers plotted in Fig. 3. 

In a recent paper,* Schofield uses the equation o*o9Ar to 

calculate the hydrostatic pressure to which a liquid held in a porous 
medium is subjected from the lowering of the freezing-point A 7 \ In the 
derivation of t^ relationship, it appears to be assumed that, on freezing, 
the ice separates at atmospheric pressure. The results of Bouyoucos and 
Parker quoted by us were calculated according to the formula 

dp L 

dr "" T(v, ^ v,r 

where L is the latent heat of fusion and i^i and r, the specific volumes of 
water and ice respectively, on the assumption that the ice must \>c regardeii 
as separating under the hydrostatic pressure of the liquid. This gives, 
however, a result of the opposite si^ to that plotted by us. We And it 
difficult to accept Schofield's calculation, in which the volume change of the 
phases is ignored, for the reason that a positive pressure will usually be 
exerted by the ice on freezing. It must be admitted, however, that no 
alternative calculation which can take account of this condition is yet 
available. 

Two other inaccuracies have also been detected : (i) In the curve 
derived from Szigeti's vapour pressure data the water content should be 
regarded as too high by 9*2 per cent, (ii) Owing to some ambiguity in 
Thomas's paper as to the actual temi^^ature of experiment, and the 
corresponding true values of the vapour pressure of pure water, the 
derived \alues of the hydrostatic pressure at the highest water content 
should be 2 5 atmosphere ; the values at lower water contents are only 
slightly affected. 

The corrected data still show discrepancies and, although we realise 
that no strict comparisons can be made between the materials to which 
^ese calculations apply and those used in our own experiments they tend, 
in our opinion, to reinforce the direct evidence obtained by ua for the 
existence of an anomaly in the behaviour of liquids in porous mediA, and 
emphasise the desirability of obtaining measurements for the free energy 
of liquids in porous media by independent methods, as pointed out by ua 
in our origin^ communication.* 

^ Faraday Soc, Trans,, 1935 . 31 , 1304 . 

• Trans, ird Jnt. Cong. SoH Science, Vol. II., 37, 1935. 

• Nature, 193s, 135 * 
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THE PHOTODECOMPOSITION OF IODOFORM AND 
OF THE ALKYL AND ALKYLENE IODIDES. 

Bv K. E. Gibson and T. Iredale, 

Received 1 st Aprils 1935. 

Organic compounds containing iodine are, generally speaking, 
unstable in the presence of light, whether oxygen be dissolved in them or 
not.*» * Iodine is the most obvious product of decomposition, and is 
accompanied by hydrocarbons, which are the results of secondary 
reactions. It 4 s considered that the carbon-iodine linkage is affected by 
the absorbed light, the excited state w^hich arises is thought to involve a 
repulsion between the two atoms similar to the case of hydrogen iodide.** * 
The absorption spectra of most of the gaseous alkyl iodides are continuous 
in the near ultra-violet region, and so also are the spectra of gaseous 
methylene iodide and iodoform* One would expect the quantum 
efficiency for the decomposition of tliese substances to be at least unity. 
An approximation to this was found by one of us w’orking w'ith liquid 
ethyl iodide.* I>;iter \V, N. Wallace found a ver>' small, almost im- 
measurable, quantum efficiency for the decomposition of gaseous methyl 
iodide. This result was not published, but others have recently con- 
firmed it .• Work on these substances was continued, with interruptions, 
until the present time. We pre.sent some results we have obtained with 
iodides of the simpler type, especially iodoform, which has usually been 
submitted to a photochemical oxidation.’** No quantum efficiency for 
the simple decomposition process seems to have been determined. 

Experimental. 

The source of radiation was a Hanovia mercury* vapour lamp, working 
on the 240 A.C. 50 cycle circuit, with the aid of a step-down transformer, 
/he output was remarkably steady, only very occasional ffuctuations ii\ 
intensity were observed. By means of an aperture in front of the lamp, 
quartx lenses, and a large screen with the necessary opening, an approxi- 
mately parallel l>eam of light was obtained, which could be focussed to fit 
exactly the circular opening in front of the thermopile elements. The 
thermopile was a Moll, large surface type, used w ithout any cover, and fitted 
with a rubber ring, blackened on the outside. The internal diameter of 
thhi ring was the same a.s the diameter of the opening in front of the thermo- 
elements. The thermopile and photwhemical cell wore mounted on a 
board in front of the screen, permitting easy alignment and forward and 
lateral movements of the thermopile. A Moll galvanometer was employed 
in conjunction with the thermopile. 

» Job and Krtischwiller, Compt. Rend, 19^4. i79» 52. 

* Iredale, J, Pkysii . Cktm., 19*9. 33f 

• Herrberg and Scheibe, Z. phystk Ckem.. 1930, 7B, 390. 

* Iredale and Mills, /Voc. Roy, Soc., 1931, 13 ^, 430, 

» Iredale and Stobo, Z. pkysik. Ckem., 1933. JoB, 340. 

• Bates and Spence, /. Amer, Ckem, 5oc,, 193^ $3* 1089. 

^ PlotAikow, Z. pkysih. Chtm,, 1911, 75, 396. 

*Mukherji and Dhar, J. pkysic, Chem,, 1931, 35, 1790. 
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Calibration. — The thermopile was calibrated with the aid of a Hefner 
lamp, certified by the Reichanstalt. We followed the method of Coblentr,* 
using a 40 mm. aperture, the whole operation being carried out in a 
blackened cupboard with a movable blackened ^treen between lamp and 
thermopile. Draughts were eliminated as much as possible. Instead of 
using variable heights of flame and plotting a curve as Coblentz suggests, 
we worked with a fixed height (40 mm.), and carried out a large number 
(over 70) separate measurements, using the mean of these results in all 
subsequent calculations. Using Coblentz's figure for the Hefner lamp 
(23 X 10-* gram-calories per sq. cm. per sec.) this came out to he 
3 42 X lo-* gram calories per sq. cm. per sec. for i cm. deflection on the 
galvanometer scale i metre from the galvanometer. Pure re-distilled 
amyl acetate (Kahlbaum) was used in the Hefner lamp, but no correction 
wsLs applied for carbon dioxide and w'ater vapour in the atmosphere, as 
this correction seems a little uncertain. At the conclusion of our measure- 
ments we checked our procedure with the aid of the uranyl oxalate actino- 
meter described by Leighton and Forbes. With the stirred solution and 
radiation of wave-length 3130 A., we obtained, at 15*" C. a quantum 
efficiency of 0*568 for the oxalate decomposition, which agrees very well 
v^nth Leighton and Forbes's figure. 

Filters. — For light of wave-length 3650 and 3660 A. in the mercury 
arc we used Wintber's rosaniline hydrochloride (0*03 per cent.) filter, and 
for 3130 A., Winther's filter containing potassium chromate and nitroso- 
dimethylaniline. This latter filter admits a little 3020 A. light, but the 
intensity of this is less than the 3130 intensity' in the mercury arc, and no 
great error is incurred through taking the total light absorbed as having a 
•wave-length of 3130 A. Infra-red radiation was shut oft (partly) by means 
of water filters. 

Photochemical Cell, — This about 5 cm. long, with plane quartz 

ends, A weighed quantity of the substance was introduced into it. and the 
solvent dissolved over in a current of carl>on dioxide. Caps were then 
fitted, and the contents sealed. In certain cases, e.g., iodoform, the distilla- 
tion was carried out in the dark. 

Solvents. — Owing to the low vapour pressure of many of these iodides, 
inv^estigations of their pbotodecoraposition had to be carrie<l out in 
solution, in order to obtain sufficient concentration. IJcnzenc was the 
principal solvent, but we also used ethyl alcohol. The objections to this 
latter solvent will be discussed later. 

Method. — The diflerenoe in the galvanometer deflections for the light 
l>eam failing on the thermopile when the photo-cell contained only the 
solvent and when it contained the solution, taken as a measure of the 
absorbed light energy. (A correction shoidd be applied in a more round- 
about way for the amount of light reflected and absorbed by the quartz 
end plates, and many investigators have worked out formulae for this 
correction, sometimes introducing assumptions as to the magnitude of 
certain absorption coefficients, etc., which were never properly verified. 
We do not think that its omission will sensibly aflcct our main considera- 
tions, because we checked our results wHth the aid of the uranyl oxalate 
actinometer.) 

The decomposition was never allowed to proceed so far as to involve 
appreciable absorption of the light by the liberated iodine. The galvano- 
meter deflections were carefully checked at the beginning and end of the 
decomposition. The liberated iodine w^as titrated with a very dilute 
solution of sodium thiosulphate, a similar amount of the undecomposed 
solution being used as a comparison. This method is quite accurate, 
because it can be checked against solutions of knowm iodine content. In 
some cases, e.g., iodoform, the titration bad to be carried out with carbon 

•Coblentz, Bur. Standards Bulletin, 1914, ii, 87, 

Leighton and Forbes, A met. Ckem. Soc,, 1930, $1, 3139. 
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dioxide or hydrogen bubbled through the solution, as well as through the 
comparison solution. 

Purity of Materials. — Thiophene free benzene was dried over calcium 
chloride and distilled. Absolute alcohol was distilled after standing over 
lime. 

Iso-amyl iodide (Kahlbaum) was shaken with dilute sodium thio- 
sulphate to remove traces of iodine, washed with water, dried over 
anhydrous sodium sulphate, and several times distilled, finally under re- 
duced pressure, and kept in a dark bottle over silver foil. Cetyl iodide w-as 
pared by Mr. C. McGregor of the Department of Organic Chemistry, and 
was re-crystallised from ethyl alcohol. The material was pure white, with 
no trace of decomposition. Methylene iodide was made from iodoform 
and sodium arsenite,** re- crystallised several times, and distilled under 
reduced pressure. The final product had still a faint yellow colour, 
probably due to traces of iodoform, but the light absorption due to this in 
dilute solution was negligible. Iodoform was obtained from a good com- 
mercial sample by re-crystallisation several times from alcohol, and had 
a sharp melting-point ( i io®) . Tertiary-butyl iodide was made from tertiary 
butyl alcohol and constant boiling-point hydriodic acid.'* The distillate 
was shaken with dilute sfjdium thiosulphate, water, dried, and distilled 
under reduced pressure. The iodide remained colourless if kept unexposed 
to light and air. 


Discussion. 

The quantuni yield in the photodecomposition of iodoform in benzene 
in the absence of oxygen appears to be unity, if the results in Table I. 
arc to be accepted reliable. The region 3650 A. occurs in the first 
absorption band (conlinuous) of iodoform, and 3130 A. in the second. 

TABLE I. 


Cone, in 
MoW per 
Litre. 

Time o? 
lrr«diati(;n. i 
(Hr*.) (Mm#n 

Ouanla i 

AtotuK 1. 

( X 10 

QuAnluru 

Yield. 

\Vav&- 1 
Length i 

A. j 
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• C, 

Iodoform in 

Benzene. 
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5 

18 1 

; 
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1 0 1 

3 UO 1 

19-0 

00282 

4 

4 * . 

i V<X^ ! 
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3 ' 30 f 
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3 
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moo 1 

jo-oO 

’ I *00 

3*30 j 

1 8-0 

0*0282 

4 

^*•4 : 

1 4 00 1 

M 50 

I 04 

3*30 : 

18-0 

00282 

4 

0 

jr*3o . 

12*10 
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3*30 

22*0 

00028 

3 

0 

S*;o : 
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1*00 

3*30 
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; I 

! Mean 

104 

1 


0*0282 

7 

21 

' -J ‘35 j 

2*21 

5 0*94 

: 3650 

25-0 

0-0282 

t> 

21 i 

i 1 

» -85 

0-91 

, 3<>50 

24*0 

0*0028 1 

5 

55 , 

1 *90 1 

I I-*"* 

i o-Sg 
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24-0 



1 

: 
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0*91 



Iodoform In 

Ethyl Alcohol. 





0-0281 

6 

45 

2 '*)^» ! 

! 3*01 

l-OI 
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' 16-5 

0*0282 1 

9 

30 i 

4*05 1 
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\ 1*00 

3650 
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0-0141 

6 
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i 1*04 
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s 1*02 


i 
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6 

19 i 
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J I -61 

1 3130 

1 i8*o 
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5 

57 I 
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7 
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i 

1 
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Norris, Watt and Thomas. /. Amer, Ckrm, Soc., xgtC, 38, 1071. 



574 THE PHOTODECOMPOSITION OF IODOFORM 

The two maxima in the iodoform absorption occur at about 35CX) A. and 
2940 A., a frequency difference of 5440 cm."'^ which is a little too small 
for the energy of excitation of the iodine atom (7600 cm.'*^). 

Nevertheless, these maxima (with separations varying from 5600 to 
7800 cm.“’^) occur in the continuous absorption spectra of other polyio- 
didcs, and it is difficult to attribute them to anything else. It can 
certainly be accounted for by the varying slope of the potential curves 
for the upper, excited state, as previously shown.* We can assume 
that CHI 3 dissociates in the first region into CHI, and I (•P-.f), and in the 
second into CHI, and I The quantum yield need not be ver>" 

different in the two processes, but there are more possibilities of secondary 
reactions in the second region, because the I atom possesses excess energy 
of 21,000 calories (per gram atom), and the yield may therefore increase, 
w^ith decrease in wave-length of the absorbed light. 

The quantum, yield of unity may be fortuitous, in that two distinct 
secondary effects may be operative : (i) deactivation by collision (even 
with unstable, “ repulsion ’* states this is not impossible ^•) ; and (ii) 
secondary reactions of the products of decomposition. The one will 
tend to diminish the yield, the other, in most cases, to increase it. But 
if such effects are operating it is remarkable that the yield is not more 
greatly influenced by the concentration.^* 

In the presence of oxygen the quantum yield is much greater • and 
it varies very much with the solvent employed. It seems that solvents 
with low dielectric constant give the highest yields,'* a state of affairs 
not easy to predict. The oxidation of the CHI* radicle evidently initiates 
a chain reaction involving further CHl 8 molecule.*;, which is responsible 
for the photochemical after-effect. 

The quantum yield in alcohol seems to be a little higher, but it is 
doubtful if these results are as reliable as those obtained with benzene as 
solvent. Iodine slowly reacts with ethyl alcohol with formation of 
HI, and this would give with the liberated iodine a certain amount of the 
I 3 ion. As this absorbs very strongly in the iodoform region, the apparent 
absorption of the light by the iodoform, as measured, may be too great. 
Moreover, the formation of the HI would tend to diminish the yield of 
iodine, so that on both accounts the apparent quantum yield should Ih' 
lower than anticipated. That this is not the case points to some other 
factor, such as the possible reaction between HI and CHI*, or the influence 
of the solvent on the secondary reaction. Altogether, it would be safer 
not to base too many conclusions on the results obtained with alcohol as 
solvent. 

The results we have obtained with the other iodides point to some 
variation of the quantum yield with the structure of the molccuk, 
although it is not easy to account for these variations in any simple way. 
(Table II.). It seems that the quantum yield increases in the order : 
(a) iso-amyl cetyl ; {b) methylene iodoform ; and (c) iso-amyl 
tert-butyl ; that is, there is an increase in the quantum yield with (a) 
increase in length of carbon chain ; {b) further replacement of hydrogen 

Franck and Rabinowitscb, Trans. Faraday Soc„ 1934, 

West and Paul (Trans, Faraday Soc,, 1933. aSt 688) found with ethyl iodide 
that the yield was remarkably independent of the concentration. 

Winther, Trans. Faraday Soc., 1926, at, 595. 

Batley, ibid,, 1928, 24, 438. 

The results which one of us * obtained with ethyl iodide cannot be included 
here, as the liquid itself was used, the substance acting as its own solvent, wholly 
different from benzene. ’ 
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by halogen ; and (c) change of central carbon atom from primary to 
tertiary. These effects run parallel with the results of Hartel and 
Polanyi,'® who investigated the reactivity of the sodium atom with the 
chlorides ; the diminishing activation energies in their experiments 
correspond to the increasing quantum yields in ours. 

Bates and Spence considered that the low quantum yield in the case 
of methyl iodide was due to the great stability of the CH3 radicle, and 
its ready recombination with the liberated I atom, CH3 + I = CH3L 
(More generally R + I = RI.) The increase in quantum yield as the 
molecule is lengthened or its hydrogen replaced by halogen, etc., must 
then be due to the reactions (i) R + R == RR or R' + E" == saturated 
hydrocarbon, R" = unsaturated (olefine) hydrocarbon), and (ii) 

R -f HI == RR + I or R' + R" + I 


TABLR II. — Wave-Length = 3130 A. 


Iodide in 
Hetueiie. 

Cone, in 
Moles per 
Litre. 

Time of 
! Irradiation. 

: Hrs. Mins. 

Quanta 

Absorbed. 

X 

of I. 
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Yield. 
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•c. 
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1 
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55 
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,v:» 
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M 

0-6300 
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1 

0 
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1 4**20 

Mean 
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cetyl 

03820 

i M 

J5 

7*10 
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0-78 

19*0 

• 1 

0-3820 

i 

0 

0 - 4.5 

4-90 

0-77 

19-0 


o*2o8o 


9 

7*06 
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i Mean = 

! 0-71 
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19-0 

methylene 

05450 

*** 

51 

6-40 

I 3*40 

i 0-53 

15*5 


05450 
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6-(»7 

! 3-68 

’ 0-55 

l6*o 

** 

0*4 100 

! 

i 


6-80 

i 3*04 

» Mean 

i 0-58 j 

- 0-55 1 

160 

tertiary 

0*2200 

> 3 

21 

10-00 

I 

1 0-95 

150 

butyl 

0-2310 

: 4 

s 

1 - 2-30 

! Mean 

i 

1 113 

“ 1*04 

i 

155 


taking place more readily than (iii) R -f 1 = RI- This might be com- 
pared with the Hartel and Polanyi results, because the reaction 

K + RI - RR + I, 

like the reaction Na -h RI Nal + R is dependent on an activatior; 
energy which becomes smaller, when among other things, the length of 
the molecule (carbon chain) increases, or the hydrogen is replaced by 
halogen, etc. It is easy to speculate on these matters and to draw con- 
parisons, but other possibilities may exist which should not be ignored. 
It is only assumed (niainly from the absorption spectrum and absence 
of fluorescence) that a molecule like CH3I dissociates spontaneously on 
light absorption. But a polyatomic molecule, as distinct from a diatomic 
molecule, may have other ways of disposing of its kinetic cncrg>^ of 
separation, due to its greater number of degrees, of freedom. If the CH3 
radicle is formed it should be capable of reaction. But Bates and Spence 
found that the addition of hydrogen to the photochcmically decomposing 
CH3I does not influence the yield, because the collision efficiency of the 
reaction CH3 + H3 — CH^ + H compared with CH3 + I = CH3I is 
relatively very small.'* This matter surely needs further investigation. 

w Hartel Meer and Polanyi, Z. pkysik, Chem,, 193^ > * 9 ®* I 3 <). 

Hartel and ibid,, 1930. » *• 97 - 
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Experiments are now being carried out in this laboratory on the photo- 
decomposition of mixtures of CH3I and HI, where the CH3 radicle, if it is 
formed, will certainly react with the HI. 


Summary. 

The quantum yield in the photodecomposition of iodoform in benzene 
in the al^nce of oxygen is not greater than unity. l‘he different quantum 
pelds for other iodides have been discussed, and some explanations ad- 
vanced for the variations. 

One of us (K. E. G.) is indebted to the University of Sydney for a 
Science Research Scholarship enabling him to collaborate in this work. 

Laboratory of Physical Chemistry^ 

University of Sydney. 


DIFFUSION POTENTIALS AND MOBILITIES OF 
IONISED GELATIN. PART II NEUTRAL AND 
ALKALINE SOLUTIONS. 

By Dr. E. B. R. Prideaux [Soltingham). 

Received zyth January^ 1936 . 

In a previous paper, ^ diffusion potentials ol gelatin chloride were 
determined in solutions of about p||3, against solutions of potassium 
chloride which had been equalised as far as possible, both in salt conccii* 
tration and in />h* Mobilities of the gelatin kation O'" were calculated 
from these results, wdiich included a few in neutral solutions. The work 
has now been extended to neutral and alkaline solutions of potassium 
gelatinate using similar experimental methods. 

An important investigation on this subject is that of Ferguson and 
Schluchtcr,* w^ho determined the potentials of ( oinbinaiions with and 
without diffusion : 

HjPt 1 NaOH r | NaOH e+x gel | H^Pt . . {0 

H^Pt i NaOH r \\ KG sat. H NaOH c + x gel | H,Pt . (2) 

The difference of (i) and (2) gives the diffusion potentials £4, which were 
set up as standing and flowing junctions by manipulating taps in the 
tubes which connected the two solutions. Sodium hydroxide solution’^ 
at concentrations c ^ 0 01 37, 0*0505 and 0*0895 N, were treated witJi 
gelatin until there was no change in potential, at which point the activity 
of OH' in the gelatin solution had become constant : 

f.e. E ^ log =: constant. 

E ^iOBh 

A combination with amalgam electrodes : 

NayHg I NaOH c |) KG .sat. i| NaOH f gel x | NayHg . (3) 

' Faraday Trans., 1933 * 3hl , 349. */• Physiol, X93i-3i. »5f 463 . 
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gave potentials which hardly changed at all with change of showing 
that tfKr is hardly affected by the substitution of gelatinate by hydroxyl 
ion. In the present work^ this has also been assumed to be true for 
potassium gelatinate and potassium chloride. When the xJE curves of 
combinations (i) and (2) become parallel, i,e, the diffusion potentials were 
constant, it was assumed that the alkali was saturated with gelatin. In 
the 0*0137 N solutions this occurred between 20 and 25 g. of gelatin, ie. 
within the limits 6*85 and 5 48 c.c. of NjlO alkali to l g. of gelatin. 
Below these limits alkali i< completely combined. 


Saturation Capacities for Alkali. 

As the amounts of gelatin “ .v ” in Ferguson and Schluchter’s experi- 
ments were increased, the equivalents of gelatin increased and reached a 
nearly constant value of 1560 in the 0*0505 and 0*0895 N alkali. This 
holds for solutions containing from 2 to 6 per cent, of gelatin. The 
1*0 per cent, solutions have a rather greater saturation capacity, requiring 
7*8 c.c. of Njio alkali to 1 g. of gelatin, which corresponds to an equi- 
valent of 12^. By conductimetric titrations, Pauli and Safrin* find 
7*3 c.c. and an equivalent 1370 for ordinary gelatin, and 5*3 c.c., 
equivalent 1890 for a sample purified by electroanalysis, which, according 
to the authors, had had some G* and G' fonns, i.e, the most dissociated 
groups, removed by this treatment. The conductivity method wa.s also 
used by Steam/ who finds 7-58 to 7*35 c.c. ; equivalent 1320 to 1360. 


Mobility of Gelatin in Concentrated Solutions. 


In their calculations, Ferguson and Schluchter have treated the 
gelatin ion as univalent, i e, they consider the motion per equivalent of 
negatively charged gelatin, and apply the simplified equation : 


Hd 



14 -f Vi 
H -f- 


V^ilues of o, 20. 4u were assigned to the mobilities of the gelatin 
anion (really Fv^), and it was found that Vy = 20 agreed most closeW 
with the experimental results. 

It may lx* remarked that in these experiments, the maximum amounts 
of gelatin added gave solutions of gelatin saturated with alkali, containing, 
i.g. 7*7 and 7*4 c.c, of NilO alkali per i g. of gelatin, which correspond 
to solutions at the extreme alkaline end of the neutralisation curve, at 
which OH' is appreciable, i X 10“'* or more, and wnll therefore have an 
effect on the transport memlxr. Also all the solutions were so concen- 
trated that activity cocfficicnis were far removed from unity. It seemed 
of interest therefore to confirm or otherwise the mobilities in dilute 
solutions, using a different method. 


Composition of Solutions. 

Solutions were made by adding varillStus quantities of alkali free from 
carbonate to i per cent, gelatinate, and the diffusion potentials were 

» Biochim. Z,, 1931. * 33 * 95 - */• PhysioL, 1928, 11, 377. 
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measured against potassium chloride of the same potassium ion concen- 
trations. In neutral solutions, from » 6 to about 8*5, the con- 

centration of the potassium gelatinate was taken as equal to that of the 
alkali added, K* == G\ from 2*8 to 4*4 x 10 N. In such neutral solutions, 
hydrolysis of potassium gelatinate is low. In the more alkaline solutions, 
down to Pn — lo, (OH') is still of a lower order of concentration, and G' is 
still nearly equal to K* (G' = K* — OH'). 


Calculations of Mobilities. 


In neutral solutions (I), of KG, concentration and (II) of KCl con- 
centration ^2, in which also the diffusion potentials are given by : 


or 



X (— l) X In 


WJC* 




RT 

F 


X (- 1 ) X ln^‘ 


{«.) 

(i) 


in w'hich and JTg are the conductivities. 

The whole expression is positive, i.e, the KCl is positive to the KG, as 
was found to be the case. In alkaline solutions, the complete Henderson 
equation may be required (see page 579). 

Examples of such calculations are given below. Mobilities (at 25®) 
selected ^ are 


== 73 * 5 , — 76*3, = 348 voH' 


By means of equation (l) : 


o 10 15 20 30 40 50 

£4 ^ 17*6 14*4 13*0 II-6 91 6*8 4*7 

The potential, calculated for zero mobility of G', is identical with the 
Donnan potential, set up by diffusion of x and K* and Cl' across a surface 
on one side of which is undiffusible G'. Diffu.sion will continue until the 
Donnan equilibrium is established when : 

x(c, + ar) (Ct - *)*. 

Since Cj — Cj initially, x = Jcjt 


£ = 58 log ^ = 17-4 mv. 

The same potential should be found also in the more alkaline solutions, 
when G has zero mobility. For finite mobilities, values differ in neutral 
and alkaline solutions. Thus, if p0 = 10, (OH') == I X in both 
solutions, the values of £4 corresponding to a given mobility t;, will be 
greater, t\e. at 0 = 20, /: — 13-5 ; at v — 30, £ li*o ; at v «= 40. 
£ = 9*10 mv. 


Valency of the Gelatin, 

If the gelatin behaves as a multivalent electrolyte, the complete 
Henderson equation should be used, although the previous worker^ 
referred to have not considered this to be necessary. A few' calculations 
on this basis will be added, in order to show how the calculated mobilities 
w'ill be affected. 


»Maclnncs, Shedlovsky and Ix>ngworth, J, Amer, Chem, Sac., 1932, 54, 
27^1 ; Jeffery and Vogel, Naturet 1932, 435, 775, 
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A summary of the equivalent weights of gelatin has already been 
given. The molecular weight, as estimated by osmotic and other 
methods, appears to be about 10,300. If it is assumed that this molecule 
remains undivided on combination, then the total concentrations of the 
various forms — uncharged, Zwitterions and ions — in I per cent, solutions 
is 972 X lO"^. The negative valency of this molecule will increase from 

0 to 8*25 as combination with alkali proceeds to saturation. When 

1 X 10^^ equivalents of alkali have been added to 1*03 g. of gelatin, 
the latter has a negative valency of i. Therefore valency z == (c.c. of 
Njxo alkali to I g. of gelatin) x 1-03. 

In the case of the “ c ** normal solutions of KG and KCl, the Henderson 
equation applied to multivalent electrolytes takes the form : 

E ~ ~ ~ In + VjZj) . , 

F {luiZt + -f («* + CA) 

In the present' case, the only valency differing from unity is that of the 
gelatin anion 

In the calculations of the «, v factor-, mobilities may be all at 25® 
or all at 18® C., since ratios of mobilities are only slightly affected by 
temperature ; but finally, of course. £ in ntv, is calculated at 18® or 25® 
by the appropriate constant 577 or 59*1 respectively. Since each 
valency, in solutions which have a constant concentration of i per cent, 
gelatin, corresponds to a single concentration of K* and G', a number of 
graphs were constructed from eqiiation (4 and integral values of “ u.’* 
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Thus the potentials are lower than those calculated by equation (l) for 
the same mobilities ; they fall, although only slightly, as the valency 
increases on addition of more alkali, and also with increase in the 
mobility of gclatinate ion. Inteniu?diate valencies lie on interpolated 
lines, from which f/ corresponding to any experimental £ may be found 
Example . — At a concentration of 2-6 *. : 


2-6 — I 04 
2*91 — 1-04 


2-68 


If £e = *^‘5 compared with 27 by equation (l). 

Also if t SR 4, and £4 = 12*6, » = lo by the valency formula as com- 
pared with 12 by equation (l). Thus mobilities given by the valency 
formula of the multivalent ions will be about 20 per cent. lower than 
those per equivalent of gelatin. 

In alkaline solutions, the valency equations indicate only slight change** 
of E with r, thus at jf>o — lO : r = o, £ 17-1 ; v = 40, £ = 15H) mv. 

Since in the alkaline solutions, values of £ above n*0 w^re not found, it 
appears that the results of the simple formula are more in accordance with 
facts presented here. 
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Experimental. 

The purification of gelatin, starting from coignet gold label or best 
leaf bronze/’ followed in general the lines indicated in the last paper. 
For reasons already given, normal ku calomel half-cells were used, both in 
measurements of diffusion potentials, and in those of hydrogen potentials. 
A Cambridge potentiometer was employed throughout. The indicator of 
null potential was a Cambridge A.M. galvanometer, short period tN'pe, 
having a sensitivity of 0*35 microvolt per i mm. scale deflection at i metre. 

A stock solution of purified gelatin (5 per cent, or more of gelatin) had 
previously been analyst by evaporation in platinum, the ash also having 
been determined. A portion of the melted stock was weighed, and made 
up with conductivity water to about 50 g. short of the final weight required, 
Decinormal potassium hydroxide free from carbonate was then added in 
an amount calculated to give pji within the neutrality range, which w^as 
estimated by a I^vibond comparator (B.D.H. pattern) and standard 
coloured glasses. If pu was too low. more measured alkali was added. The 

/C^C potassium gthhnote KG orK " — ► 

00 JO 2 0 5 0 4 0 5 0 6 0 

€) Diffusion potenhais against p^^. 

0 tO*C- 

X Diffusion pj^ntiais from 



solution wa.s then made up to the correct weight witli pure w^ater, and the 
pH redetermined colorimetrically, A current of hydrogen was started 
through a sample in a hydrogen el^trode vessel of the ^nd<Hildebrand 
tyi^, the potentials being measured at intervals until they became constant, 
which might require several hours. In the meantime, solution II. of KCl 
having exactly the same concentration as the KG is made, and if the 
gelatin solution w^ere definitely alkaline, the required slight excess of alkali 
was added to the KCl. This solution is not buffered, but retains its alka* 
Unity long enough for a measurement of OH' by the hydrogen electrode. 
Conductivities (at 28*") of the KCl and KG were then determined in a 
U tube of high resistance capacity, using the method of Christensen as 
described by Gram & Cullen.* These conductivities served several purposes 
: 

(1) A control of the concentration of the KCl, 

(2) A. control of the KG, from which also the mobilities of the gelatinate 
ion can be calculated.’ These mobilities are subject to rather high errors^ 
being the differences of two larger magnitudes, 

•7. hioX . 1 023, 57^ 477. 

’ Cf, Kdnig and Pauli, BiocketM. Z,, 1932, 323. 
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(3) DiiiuHion potentials could be calculated independently by equation 
(2) above. 'J‘he two sets of values, denoted on Fig. i, by X were sometimes, 
but not always, in agreement. 

Salt bridges w^re also made containing the KG in jelly form, and the 
KCl in agar jelly. These were used to avoid all possibility of diffusion of 
KCl from the normal calomel KCl electrodes to the junction. Finally, the 
diffusion potentials were measured, with necessary checks. Each experi- 
ment with preparations and checks occupied one to two days. A number 
of such experiments have given additional information as to the relative 
value of the different junctions. 


Static and Flowing Junctions. 

In the course of this work, it appeared that the flowing junctions 
w’ere not so w^ell suited for solutions containing protein ions. 

The apparatus wdth large tap of Ferguson v. Lente and Hitchens,* 
which had been proved to give excellent results with electrolytes, gav^e less 
constant and often very low’ potentials with gelatin solutions. The rela- 
tively large flowing junctions of the Maclnnes, Yeh,* and Scatchard type 
gave rather better results, A large static junction wras preferable to either 
flowing type. In the latc^ experiments these junctions were alw^ays used, 
and were made in a boiling tube having an internal diameter of about an 
inch. Such junctions are not much affected by complete or partial gela- 
tinisation. Potentials Ix’tw'cen KG (gel) and KCl were usually, but not 
always, i to 2 millivolts higher than those between KG (sol) and KCl. 

Example. — An alkaline solution of KG was made having [K'j — 0‘Oo6o6 
fOH'J 0-000 1, [G'j " 0-00590. The corresponding KCl having 

[K : - 0-00608 - [CT] 

was buffered with Mg(OH)3, so that OH' -- 0-0004 JMg’\ Taking into 
account the ' factor which w’as only about i /zo of «k. ck‘ the full 

Henderson equation gave : 

f' ■ O JO 30 40 

i; ly'j. 13-0 ir-i 8-S mv. 

The observed pi>tent!al of tt o mv. agrees with a mobility of nearly 40. 

These results are in fair agreement with those of Ferguson and Schluchter,* 
obtained in solutions t>f much higher gelatin concentration. 


Comparison with Mobilities Determined by Other Methods. 

The mobilities of various proteins have l>een investigated by a modifled 
Hittorf method in which the changes of concentration after passage of 
a measured quantity of electricity are determined by micro-Kjeldahl 
analysis.’* That of ovalbumin rose from 2*1 to 2-8 |»/sec. as the c.c. of 
A7*o alkali per g. were increased from 5 to 15 — a steep rise to a w'ell- 
deflned maximum. Corresponding v^alues for serum albumin were i-i at 
5 cx. to a maximum of 2-9 at 15 c.c. Pseudo-globulin gave a flat graph 
with a maximum of i -88 at 5 c c. and pn ^ *0-53, and then nearly constant 
velocities wdth further additions of alkali. 

The method of cataphoresis has also been employed. The velocity of 
ovalbumin rose steadily to 1*0 at ^ 6-0, while that of gelatin increased 
only slowly,’* to about 0^8 at 

•y. Aimr, Ck0m. Soc.. 1932. 54, 1279. • Ibid . 1921. 43, 2563. 

/Wrf., 1925, 47, 698. ” KOnig and Pauli, BiocA/m. Z,, 1932. aga, 325. 

Abramson, y. Oen. Physiol, 1933. ig* 575* 
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Prideaux and Howitt ** also found a steady increase in the velocity of 
ovalbumin, to 1*92 ^/sec. at />h ~ 9*38* and a gradual increase in that of 
gelatin to 0*8 at />h ~ 9’3- These values must, of course, be multiplied by 
9-65 to convert them with electrol3^c mobilities. The present values show 
a rather more rapid increase in the mobility of gelatin, than that found by 
kataphoresis. If. however, the mobilities of OH' are not introduced into 
the calculations, the mobilities v\ like the diffusion potentials, remain 
constant with increasing combination. 


DiflFusion and Zeta Potentials. 

On account of the unfavourable nature of the calculation from potentials 
to mobilities, it is better to compare the diffusion potentials with zeta, or 
phase limit potentials of the double layer between the gelatin solution I. 
and the electrolyte solution II,, which takes part in the kataphoretic move- 
ment. By the equation of w Helmholtz and v. Smoluchowski 


in which V' ** is the velocity, the viscosity of solutions. K their dielectric 
constant and -Y the potenti^ gradient in volts /cm. lotting in the values 
in e.g.s, units and taking 7^ — o*oi, K — 82. the factor works out at I2‘6. 
.Ybramson ** used 12*9. In the present case, a rounded factor of 13 has 
been used, which gives potentials plotted in Fig. as Thus, from the 
velocities of Prideaux and Howitt.** 

At/»„=:r5-45 5.93 60 715 80 9'3 

( «= 7*8 11*9 10*0 9*6 11*7 ii*7mv. 

Evidently the zeta potentials are of the same order, and vary in the same 
way as the diffusion potentials. But the mobilities which give rise to 
identical potentials are quite different according to whether they are related 
by the phase boundar>' equations ({ and v) or by the ionic equations 
(E and v'). 


REVIEWS OF BOOKS. 

Atomic Physics. By Max Born. Pp. xii ami 352. Blackie A SoiiS, 
Ltd., London. lYice, 17s. 6d, 

Professor Bom's survey of atomic physics is admirably adapted to the 
needs of junior honours students, and, indeed, students of higher grade will 
find it helpful in providing a survey, in very moderate compass, of important 
modem work and ideas. 

The kinetic theory of gases, the nuclear atom, wave-corpuscles, atomic 
structure and spectral lines, electron-spin and Pauli*» principle, quantum 
statistics and molecular structure — these are the principal topics to which 
the book is devoted. 

Mathematical prooL> are cidlected in some thirty appendices, which 
occupy nearly one hundred pages in a total of three hundred and fifty. 
Thus, although, as is to be expected, theoretical discussions bulk largely 
in the book, the arguments developed in the text are not over-laden with 
mathematical formula?. 

The book may be unreservedly commended. 

A. F, 

Roy. Soc., 1929, ij6A, 126 . uj Amer. Cktm. Soc., 19^8, 390. 
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The Restless Universe. By Max }k)RN. Pp. 278. Blackie & Sons, Ltd,, 
London. IMce, 8s. 6d. 

IWessor B^>rn\s name has to Ixj added to the long list ui those who 
have endeavoured, with varying degrees of success, to unscrew the inscrut- 
able, As was to be expected, his attempt to draw a world-picture which 
the layman may understand, is highly original. In a text of less than 
three hundred pages, he starts with a discussion of kinetic theory couched 
in tenns so simple as to demand a picture of a rapidly-emptying classroom 
to illustrate the meaning of rarefaction. Yet, unhasting and unresting, he 
carries us along through a description of electrons and ions, waves and 
particles, atomic structure and nuclear physics to a triumphant conclusion 
which demands some account of the latest particles and of Pauli's exclusifm 
principle 

Xot the least interesting featurt‘ of the lxK>k is the series of seven 
moving pictures printed on the sp>ecially broad margins of the pages, so 
that, by rapidly flicking over the pages with the thumb, one is enabled to 
visualise something of the motion of the electron in the hydrogen atom, 
or of the flux <>£ the held near Hertzian oscillator. 

A world without models, indee<i ! Plus (a cha>\gt\ . . . 

A. F. 

Worlds without End. By H. Spknclk-Jonks. l*p, xv and .202. English 
Universities I'ress, I^ndon, iVice, 5s. net. 

The Astronomer- Royal s introduction to cosin(»logy is different. Mis 
story, told in plain and telling phrases. ojK*ns with an account of the 
principal astroiH>micai facts and theories eouciTning the Earth on >vhich 
we live. Then he gives a similar drscusskm (;f the lifc-histi»ry of our 
nearest neighlxjur, the Mckui, and, prtKceding in his argument outward 
through the cosmos, he tells us of comets ami shix>ting stars, the Sun, our 
own stellar wurkl, and the extra-galactic universes. There is little space 
devoted tej sjx*culatu*!i on origins and eiulings- an impre.ssive tale is told 
in unadorned and st>l>er fashion and the reader is left in m; doubt about 
what, n\ mcxlern asttimomy, is well-t'stablished theory, and what is n<'t-so- 
w'el!-e«tablishe<l sjx‘culation . 

The lxK>k is an onlered storehouse of essetitial and fundamental facts, 
and provides an admirably prop>rtioned picture of r>ur universe as we view 
It to-day It IS excidlently prixUicxsl ami illustratcsl. and should hnd a 
wide circle of appriviativc read<Ts. 


Hafidbucii der experimental Phyaik. Bd. xi-2. ByW. Mi issm r. Pp. 
xii and 544. Akad. Verlags M.B.H,, Leipzig, 1035. Ihrice. KM. 42. 
ikmnd, KM. 44. 

I'hiss volume is divided into three main sections. The tirst jwt deals 
with resistaiicc measurements for pure metals, alloys and comtHiunds, with 
the relation between thermal and electrical conductivity, with the effect 
produced on resistance by magnetic fields and by deformations : with 
iiupra^onductivity, and with electron theories, new and old. of electrical 

conductivity. 
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The second section is concerned with galvano- and thermo-magnetic 
ehects (Hall, Ettingshausen, Righi-Leduc and Ettingshausen-Nemst effects 
and their relations), and the third section deals with thermo-electricity. 

The volume is encyclopaedic in its range, and very few contributions to 
the subjects of any value have escaped the notice of the authors. Brief 
but adequate discussions of theoretical matters of primary importance 
are provided, but the bias of the treatment is, naturally, towards the 
experimental side. 

It is as much a work of reference as a student’s handbook — the biblio- 
graphy is specially full and complete, the number of references exceeding 
twelve hundred — and is quite indispensable to any serious worker in these 
fields. The volume is admirably produced, and is an important addition 
to a series of international repute. 

L^emann. Le Pansoma et la Gfometrie de I'J^nergle. & Co., 

Geneva, 1935. Price 15 Swiss francs.) 

Unpansome est une entity ^nergetique tridimensionellc, indestructible 
et indivisible, k delimitation nette par des surfaces pansomiques, k contenu 
energ6tique absolu et constant, la seule v^ariabilit^ fondamentale qu’il est 
capable de manifestes ^tant cette de son volume.” 

In the light of this definition, ” sur laquelle nous basons toute uotre 
th^rie,” the author discourses vaguely and benevolently on the pansomic 
structure of the atom, on ether and relativity, on radiation, cosmology, the 
colloid state, causality, karyokinesis, muscular contractions, psychology. . . . 

A distinguished Anglican prelate spent some years of his life as the vicar 
of a parish in the North of England. When, on the occasion of his promo- 
tion, he paid a round of farewell visits to his parivSbioners, he was greeted 
by a farmer's wife with ” I hear as yo're goin*, Vicar. Well, if tha hasn’t 
done much good, tha's not done any harm. 

Which saying is a parable. 

A. l\ 


Electron Diffraction. By K. Bekchixg. (London : Methuen A ( o. 

Pp. \dii and 106. Price 3s.) 

In this little book the Author has fully maintained the high standard 
already .set up by this series of monographs. The discussion of Kikucbi 
lines in the earlier part of the IxKik is rather inconclusive, but this is due 
to present ignorance a.s to the true nature of these ctfects. The writer 
treads very warily when such regions of the subject ct>me under considera- 
tion but this is undoubtedly the best thing to do in a small monograph. 
The sections on crystal structure, atomic scattering factor, and structure 
factor, could have been more closely woven together, although all the 
necessary' information is certainly present in the book taken as a whole 
It IS also felt that some further mention could hav'e been made as to experi- 
ments on polish effects on metals. Apart from these mild criticisms the 
work is very complete and is an excellent, up-tO‘datc account of the 
subject. 

J. A, l>. 
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PROPERTIES OF ELECTROLYTIC SOLUTIONS. 
XVIII. MOLECULAR POLARISATIONS AND 
POLAR MOMENTS OF SOME ELECTROLYTES 
IN BENZENE SOLUTIONS. 

By John A. Geddes ^ and Charles A. Kraus. 

Received zyd December^ 1935 * 

A study of the conductance of solutions of electrolytes in non -polar 
media * has shown that while such solutions exhibit properties similar to 
those of solutions of electrolytes in polar media, only a very small fraction 
of the electrolyte is actually concerned in the conduction process at a 
given instant — about one part per million. It may be inferred that the 
bulk of the electrolyte is prtrsent in the form of neutral molecules or 
aggregates which do not contribute to the conduction process. The 
results at higher concentrations indicate the formation of highly complex 
aggregates, both charged and uncharged, the degree of complexity in- 
creasing with increasing concentration. Molecular weight determinations 
with solutions of electrolytes in benzene go to show that in the neighbour- 
hood of lo*’* N, the molecular weight of many electrolytes approximates 
their formula weight,* although, depending upon the character of the 
^UT.trolyte, the degree of complexity may be greater. We thus have 
conclusive evidence that, in general, electrolytes dissolved in non-polar 
solvents exist, for the most part, in the form of neutral aggregates com- 
prising two ions at lower concentrations and becoming more complex as 
the concentration increases, A study of the conductance or of the mean 
molecular weight of electrolytes fails to give an insight into the structure 
or nature of these complexes. If, however, the ions exist as such in their 
two-ion complexes, a study of the dielectric behaviour of solutions of 
electrolytes in a non-polar medium should give direct information with 
respect to the existence of such complexes and the change of the mole- 
cular polarisation of such solutions with increasing concentration should 
supply information with respect to the existence of more complex 
structures. 

The earlier investigation of Hooper and Kraus,* on the dielectric 
behaviour of solutions of electrolytes in benzene, demonstrates, beyond 
question, that in these solutions electrolytes possess a high polar moment. 
Thus, we have direct evidence of the existence of ionic dipoles in such 
solutions. 

^ This pa|)C!r is bsised on a thesis presented by John A. Geddes in partial ful- 
hlment of the requirements for the degree of Doctor of Philosophy in the Graduate 
School of Brown University, June, 1933- 

•Fttosa and Kraus, J, Am, Chem. Soc., 1955, 55, at, 1019, 3614 ; Kraus, 

EUdeoeh, Sm,, 1934 * * 79 ’ 

* Batson and Kraus, J, Am, Ckem, Soc., 1934, $ 6 , 201 7 ; D. A. Kothrock, jr., 
unpublished obsNsrvations iu the Brown Laboratories, 

^ Hooper and Kraus, J. Am, CAem. Soc,, 1934, 56, S263. 
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Unfortunately, in order to be able to interpret the results of dielectric 
constant measurements of electrolytes in benzene solution with any 
degree of assurance, it is necessary to carry the measurements to concen- 
trations at least as low as 10*“* N and the precision in the case of the 
Hooper and Kraus measurements was not sufficiently high to fix the 
limiting form of the polarisation curves with certainty. The present 
investigation has been directed to improving the precision of the measure- 
ments and supplying data with respect to the polarisation curves of 
electrolytes at low concentrations. 

Experimental. 

Method. — ^The method employed in the present investigation was that 
of Hooper and Kraus with some slight modifications. Their methexi, in 
turn, was a modification of the resonance method of Wyman.* The 
method consists essentially in introducing into the medium a resonator of 
fixed inductance and capacity. A variable oscillator adjacent to the re- 
sonator is adjusted to resonance with the fixed resonator, resonance being 
indicated by a maximum of the current in the plate circuit of the variable 
oscillator. To determine the frequency of the oscillator at resonance, it is 
tuned to known harmonics of a crystal oscillator with which it is inductively 
coupled, zero heat being indicated in a telephone. In general, the frequency 
of the resonator will lie between two adjacent harmonics of the cryst^ 
oscillator and in order to determine the frequency of the resonator, a small 
cylindrical condenser, one cylinder of which is mounted on the carriage of 
a micrometer screw, is introduced into the circuit of the variable oscillator. 
The frequency of the variable oscillator is a linear function of the setting 
of the variable condenser. In practice, the condenser is set to a harmonic 
on one side of the resonance frequency, then to the resonance point, and 
finally, to the harmonic on the other side of the resonance point. By a 
linear interpolation between the two harmonics, the frequency of the reson- 
ator is obtained in terms of known harmonics of the crystal. If Ai* is the 
harmonic number of the resonator in air, and h is the harmonic number of 
the resonator in the medium, then the dielectric constant of the medium 
is given by the expression : D — The actual frequency of the 

crystal does not enter. The details of the apparatus have been described 
by Hooper and Kraus, and need not be given here. It should be mentioned, 
however, that for the purpose of making connection between the movable 
cylinder of the precision condenser and the oscillating s>’^tcm, a fixed wire 
and mercury trough were employed in place of a fiexible wire connection. 
It was found that a flexible connection produces sufficient change in the 
inductance of the circuit to lead to appreciable variations in the readings. 

The resonator consisted of a pair of coaxial brass cylinders connected 
by a single loop of J-inch brass rod. The resonator was silver-plated before 
use. Its frequency in air was 119 megacycles, w^hich corresponds to a 
wave-length of 2 *52 metres. In order to establish the absence of anomalous 
dispersion, one series of measurements was carried out with tributyL 
ammonium picrate, using a resonator having a frequency of 50 megacycles. 
The results are given in Table 111 .( 6 ), and a^ee with those obtain^ at the 
higher frequency within the limits of experimental error. 

In carrying out the measurements, the resonator was suspended 
in pure benzene contained in a cylindrical glass tube having a diameter 
approximately twice that of the resonator. After determining the reson- 
ance point in benzene, a known weight of a dilute solution of the electrolyte 
was introduced into the benzene by means of a weight burette. After 
adding the solute, the solution was vigorously stirred, the resonator being 
lifted above the surface of the solution during the process. After returning 


» Wyman, Physic. Mev., 1930, 33, 623. 
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and lifting the resonator out of the solution several times, the latter was 
again stirred, and this process was repeated until constant readings 
were obtained for the frequency of the resonator. It is very important 
that the solution be homogeneous. 

The tube containing the solution and resonator was placed in a double- 
walled tube, through which liquid was circulated by means of a pump 
from a thermostat whose temperature was maintained constant at 25*00®, 
The oil jacket was, in turn, placed in a large Dewar tube. Temperatures 
were in all cases maintained constant within limits set by the precision of 
the measurements. The variable oscillator was mounted on a pair of rails, 
and its position with respect to the resonator could be adjusted readily by 
means of a rack and pinion. The current in the plate circuit of the variable 
oscillator w'as read on a milliammeter. The relative position of oscillator 
and resonator was so adjusted as to give a suitable value of the current. 
If the current is too low, the maximum cannot be satisfactorily determined, 
while if the current is too large, the resonance curve of the current is 
unsypmetrical. 

apparatus permitted of measuring the dielectric constant of solu- 
tions reproducibly within a few units in the fifth place of decimals. The 
absolute variation is somewhat higher at higher than at lower concentra- 
tions, probably owing to the fact that with increasing concentration the 
conductance of the solutions i;icrcases, as a result of which the resonance 
curve becomes appreciably flatter and it is, accordingly, more diihcult to 
locate the maximum. 

Materials. — Thiophene -free benzene w^as washed with concentrated 
sulphuric acid, water, dilute sodium hydroxide solution and again wrater. 
After drying over calcium chloride, it w’as fractionally crystallised and then 
refluxed over sodium-lead alloy (10 per cent. Xa) in a still from which it 
was distilled as needed. M.P. 5 48®. 

All salts w ere prepared in the laboratory^ and purified by recrystallisation 
from suitable solvents to constant melting-points. The melting-points 
were as follows : tetraisoamylammonium picrate, 85® ; tetxaiseamyl- 
ammonium thiocyanate, ; tri-i5uamylammonium picrate, 127® ; tetra- 
n-butylammonium picrate. 89 5® ; tri-»i-butylammoaium picrate, 106® ; 
tctra-«-butylammonium perchlorate, 207® ; tri-w-butylammonium iodide, 
102® ; tri-i»*botylainraonium bromide, 75® ; tri-n-butylammomum chloride 
decomposes without melting at 182® ; tetra-w-butylammonium acetate, 
116®; tctra-«-butylammonium bromide, 115*5® ; tetra-n-butylamraonium 
hydroxytriphcnyllxiron, 145-5® 

Constants, — ^The density effects due to these organic electrolytes in 
benzene are small and. rather than to attempt direct measurement of the 
densities of the extremely dilute solutions, it seemed preferable to measure 
the densities at higher concentrations and to compute the density values at 
lower concentrations according to a linear function. The density" values as 
experimentally determined are given in Table I, 


TABLE I.-~Dkn*sities of Solutions in Benze.ve at 25 . 


Solute. 


N. 4, 


TtirtdsimmylxLmmomum picrate . 

„ thiocyanate 

Tri-tsoamylammooium picrate 
Tetra-fi-butylammunium perchlorate 
Tetra-s-but>1ammonittiii picrate . 

„ bromide 

„ acetate . 

Tri-s-butylammonium picrate 
iodide 

„ bromide . 

,, chloride . 

Pare bensene .... 


0*019 0 8755 
0*042 0*8705 
0*027 0*8704 
0-010 0-8757 
0*048 0*8771 
0*022 0*8751 
0*005 0*8738 
0*099 0*8849 
0*081 0*8815 
0*074 0*8774 
0*093 0*8758 
— 0-8737 
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TABLE III. — Diblbctric Constants of Solutions of Elbctrolvtbs 

IN BbNZSNB at 25*00^. 


Tri-«soamylammonium Picrate. 

0*339 2*26888 3940 

0*477 2*26918 3750 

0*939 2*27034 3780 

1*082 2*27063 3700 

1*669 2*27192 3570 

1*922 2*27249 3550 

2*8I2 2*27433 3430 

2*874 2*27448 3430 

3*995 2*27675 3340 

4*8i8 2*27826 3250 

5*953 2*28012 3110 

TRl-t«OAMYLAMMONlUM PiCRATE. 
0*772 226987 3680 

2*081 2*2728(* 3360 

4*289 2*27731 3310 

6*398 2*28116 3140 

Tetra-N'-butylammonium Acetate. 

0*741 2*26930 2670 

1*231 2*27013 2660 

1*706 2*27096 2640 

2*182 2*27179 2640 

2*565 2*27238 2600 

Tri-«-butylammoniiim Picrate. 
0*415 2*26900 3640 

0*841 2 - 26^99 35^ 

1*030 2*2704$ 3600 

1*519 227165 3630 

1*665 2*27194 35^*0 

2-557 2-*73«8 3480 

2*621 2*27400 3460 

3*619 2*27616 34JO 

3*906 2*27681 3370 

4*805 2*27851 3290 

4*901 2*27868 3300 

6*251 2*28128 3220 

6*296 2*28143 3230 

TSTRA<nOAMYLAUMONtUll PlCRATE. 

0*191 2*2^^891 7120 

0*465 2*27017 7010 

0*734 2*27134 6830 

1*223 2*27345 6690 

I *818 2*27587 6500 

2*239 2*27753 6400 

2*876 2*28003 0280 

Tetra-w-bctvlammonium Picrate. 

0*390 2*2(#972 0 t} 2 O 

0*721 2*27121 6670 

I *086 2*27277 6580 

1*528 2*27451 6390 

2092 2*27690 6380 

2*646 2*27907 6270 

3*353 2*28179 6160 

Tetra-n-butylammonium Hydroxy* 

TRIPHENYLBORON. 

0*147 2*26882 8350 

0*278 2*26945 7^*10 

0*396 2*27005 7780 

0*500 2*27054 7620 

0*661 2*27120 7270 


/fXio». 

D, 

Pi. 

Tbtra-isoamylammonium 

Thiocyanatb. 

0-359 

2*26915 

4800 

0*882 

2*27062 

4460 

i*5»7 

2*27213 

4100 

2*342 

2*27361 

3620 

3‘544 

2*27527 

3110 

5*907 

2*27759 

2480 

9*346 

2-27983 

1950 


TETRA^M^BUTYLAMMONIUlf BROMIDB. 


0*503 

2*26885 

^570 

1*030 

2*26957 

2320 

I *180 

2*26972 

2220 

1*678 

, 2*27015 

1970 

2*209 

2*27063 

1840 

2*479 

2*27077 

1730 

3*808 

2*27174 

1530 

3-883 

2*27177 

1510 

5-522 

2*27286 

1380 

5-563 

2*27286 

1370 

6-739 

2*27346 

1280 

7-146 

2*27373 

1260 

8-547 

227434 

u 8 o 

Triw-butvlammonium 

Chloride 


2*26996 

1130 

3*310 

2*27043 

1150 

5*104 

227183 

1170 

5*341 

2*27198 

1 160 

7*050 

2*27310 

1130 

8*605 

2*27421 

1130 

8*996 

*-*7458 

1 140 

12*16 

2-27673 

I 120 

15*97 

2-27947 

1120 

Tri-b^butylammonium 

Bromide. 

1-991 

2*26<^>0 

1250 

3-882 

2*27120 

1280 

4-585 

2*27180 

1290 

6-491 

2*27337 

1290 

TRI>ft«BUTYLAMIIONIUM lODlDB. 

0-883 

2*26882 

1430 

1-796 

2‘2(>969 

1460 

2-798 

2*27060 

1440 

4-201 

2*27192 

J440 

5-666 

2*27331 

1450 

7-085 

2-27464 

1450 

TbTRA'N'BUTYLAMMONIUM 

Pbrchlorate. 

0*456 

2*26912 

S 7 ^ 

0*771 

2*26978 

3510 

o * 9 S $ 

2*27018 

3370 

1*007 

2*27018 

3310 

1*70 

2*27111 

2800 

176 

2*27117 

2760 

1*89 

2*27129 

2670 

2*93 

2*27230 

2270 

3*03 

2*27241 

2240 

3*09 

2*27244 

2230 

4 * 4 « 

2*27360 

1950 

4*79 

2*27375 

1880 

4 *«l 

2*27379 

1890 

6*97 

2*27518 

1630 

7*50 

2*27375 

1630 
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Indices of refraction are not available for determining the correction 
due to distortion polarisation in the case of the electrol3rte8 employed. 
Accordingly, values were computed from atomic constants as given in 
Landoldt and Bdmstein’s Tables. The error involved, due to uncertainties 
in these values, is negligible, since the total polarisation is very large in 
comparison with the correction, which seldom exceeds i per cent. The 
values employed are given in Table II. 



TABLE 

IL- 

Optical Constants. 



Group 

C 

H 

-0 

— 0— H 

— 0— 

Ns 

Constant (c.c.) 

. 2-418 

1*100 

2 - 2 II 

1525 

1-643 

2*840 

Group 

. Cl 

Br 

I 

-NO, 

S 

B 

Constant (c.c.) 

• 5'967 

8-865 

13-90 

7*30 

972 

3-24 



Results. 




The experimental results are 

given in 

Table III. 

in which 

the mol 


fraction is given in the first column, the observed dielectric constant 
in the second column, and the molecular fx>larisation of the electrolyte, 
calculated as usual according to the Debye formula, in the last column. 
In making the computations, the dielectric constant of pure benzene is 
taken to be 2*2(>8oo, which oe^rresponds to a polarisation of 26-5392 c.c. 
All measurements were carried out at zyoo.^ 

Discussion. 

\^\hjcs of the molecular polarisation for the different salts measured 
at>ovc arc shown graphically in Figs, i, 2, and 3, the polarisation l>cing 
plotted as ordinate against mo! fraction as abscissa. The limiting polarisa- 
tions for these electrolytes were obtained by extrapolating the curves to 
zero concentration and values so obtained are given in the second column 
of ral)le IV. Polar moments jis computed from the polarisation values, 
corrected for distortion polarisation, are given in column 3, am! the 
distance Wtw'een < entn^ of charge ot — M 4 77 ^ 10“^® are given in the 
last column. 


TAHLK IV -^Constants of Klkctrolytes in Benzene. 


Electrolyte. 

Xetra-N’^butylanimoinuni hydroxytri- 


iK to**. 


phenylboron .... 

8270 

19*7 

4 -M 

Tetra-tsoamylammomum picratr 

7090 


ySz 

Tetra-n-butylazunionium picrate 

- 6740 

17-8 

3*73 

Tetra-i.toaiuylamnionium thiocy anate . 

• 5050 

^5 4 

323 

Tetra-n-butylammonium perchlorate . 

• 4 ^ 5 ^ 

14-1 

2-96 

Tri-iJiaainylammuinum picratc . 

■ 3830 

* 3-3 

2 79 

Tri-n^butylammonium picrate . 

3 *> 7 “ 

131 

2-74 

Tetra-fi-butytammoaium btomide 

2900 

11*6 

^*43 

Tetra^n-butytammoiiium acetate 

2690 

11-2 

2 35 

Trl-n-butytammouiuoi iodide 

1440 

8-09 


Tri-n-butylammontum bromide . 

. 1280 

7*61 

1*59 

Tri-n-butylammonium chlortde . 

1140 

7-17 

1-30 

The first conclusion to be drawn from these results 

is that, 

in a non- 


polar medium, and at relatively low concentrations, electrolytes exist 
largely as ionic dipoles. The value obtained for the distance between 
charges is of an order of magnitude such as to indicate that the charges 
are widely separated, and that the degree of separation depends upon 
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the size and configuration of the ions. The largest polar moment is 
obtained for tetra-n-butylammonium hydroxytriphenylboron, which is 
composed of two very large ions. In the negative of this electrolyte, 
the hydroxyl ion is co-ordinated with the boron atom of triphenylboron. 
The quaternary ammonium picrates show high polar moments, indicating 
that, while the charge on the negative ion is doubtless largely localised on 
the phenolic oxygen atom, it is prevented from approaching closely to 
the positive charge on the nitrogen atom by the alltyl group surrounding 
that atom as well as by the nitro-groups adjacent to the phenolic oxygen 
of the picrate ion. If one of the alkyl groups of the ammonium ions is 
replaced by hydrogen, as in the case of tri-woamylammonium picrate, 
for example, the moment is greatly reduced, doubtless because of the 
closer approach of the phenolic oxygen to nitrogen. Thus, the moment 
of tetra-z5(?amylammonium picrate is 18*3 Debye units, while that of 
tri-i5oamylammonium picrate is only 13*3 D. The distance between 
charges for the same electrolytes is 3*82 A and 279 A, respectively, a 
difference of approximately i A. With the same quaternary am- 
monium ion, but replacing the picrate ion by the bromide ion, the polar 
moment is greatly reduced, doubtless due to the smaller size of the 
bromide ion. Thus, for tetra-n-butylammonium picrate, the polar 
moment is 17*8 D, and for the corresponding bromide, 1 1*6 D. For 
tetra-tz-butylammonium acetate, the polar moment is 11*2 D, only 
slightly low'er than that of the bromide, indicating that the charge is 
largely localised on the carboxyl group of the acetate ion. Replacing 
one of the butyl groups of the quatcmar>’’ bromide by hydrogen leads to a 
large reduction in the polar moment — fromli'bD for tetrabutylammonium 
bromide to 7*61 D for tri-«-butylammonium bromide. The polar 
moments of tri-n-butylammonium halides diminish in the order : iodide, 
bromide, chloride, as is shown by the values : 8*09 D, 7*61 D, 7*17 I) ; 
the corresponding distances l)etwecn charges are: 1*69 A, 1*590 A, 
1*50 A. It is clear that as the ions are smaller, the polar moments are 
likewise smaller. The deformation of the ions must, however, be con- 
siderable since, in passing from iodide to bromide to chloride, the change 
in the distance between charges at each step amounts to only about 
0*1 A. That the deformation should be large is not surpri.sing when we 
consider the value of the forces concerned. In the case of tri-n-butyl- 
ammonium chloride, the force acting between a pair of charges is of the 
order of dyne. If this force were interpreted in terms of pressures, 
it would be of the order of 10* atmospheres. In the case of electrolytes 
with more complex ions, we probably have not only deformation of 
electron shells, but also distortion of valence bonds. 

According to the form of their polarisation-concentration curves, the 
electrolyte.s fall into three groups. In the first group, illustrated in 
Fig. I, the polarisation falls. off linearly with concentration ; in the second 
group, illustrated in Fig. 2, the polarisation curve falls off rapidly and 
non-linearly at higher concentration ; and in the third group, illustrated 
in Fig, 3, the polarisation is practically independent of concentration. 

To return to the group of electrolytes illustrated in Fig, I, it will be 
noted that the curves are, in general, the steeper the greater the value 
of the polar moment. Fuoss • has derived an equation for the slope 
dP/d/ of the polarisation jcupe for the case of ellipsoidal dipoles. Aside 
from the constants of the solvent medium, such as dielectric constant, 

• Fuoss, J. Am, C/um, Soc,» 1034, 
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density, and molecular weight, the slope of the curve depends on the 
moment of the dipole and the two diameters of the ellipsoid. The rela- 
tion obtained is applicable only so long as A, the ratio of major to minor 
diameters, is less than 

Provided that it is legitimate to consider that, in the case of electrolytes 
whose plots appear in Fig. 1, the electrical and spatial configurations 

approximate those of 

the assumed ellipsoi- ; I 

dal model, we may j | 

calculate from these | ! 

curves the minor dia- I j 

meters for assumed ^ j 1 

values of the axial I j 

ratio A. Actually, the j 

value obtained for c oBu^NOH B‘P3 ! 

the minor diameter is 2 — 1 1 

relatively independ- ^ ^ . 1 s 

ent of the axial ratio. • P« j i 

This is not unex- ^ I 

peered, since these ^ i 

dipoles associate : ! 

laterally and anti- ; \ 1 

parallel, and the force j j i 

between the dipoles AmjHNP 1 , ' 

depends upon the 

distance between the j 

axes of the dipoles. — i ' 

In the case of tri-n- | j 

butylanmionium pic- ^ 0 2 4 6 <1 

rate, for example, for 

f * • — Polarisation curves of ionic dipoles which 

vary. HR between O- 1 show Utile tendency to asociate. 

and 0*65, the mmor 

diameter varies only between 476 A and 5*17 A. If we assume an axial 
ratio of 0*5 (w^hich seems reasonable in view of this computation), we 
may expect that the values obtained for the minor diameters will be 
approximately correct. In Table V. are given values of the polar 
moments, of the slopes dP/d/ of the polarisation curves and of the 
diameter of the minor axis Aa for the series of electrolytes whose cur\'cs 
appear in Fig. I. 


AmjHNP, 




Md fyeerfon » lO* 

—Polarisation curves of ionic dipoles which 
show little tendency to associate. 


TABLE V'.— Computed Minor Diameters or Ellipsoidal Model. 


EMetrolyte. 


dP/d/xio-*. 

A« X to*. 

Tetra-M-butylamnioniuixi hydroxy- 
tnphenylboron .... 

. 197 

— 160 

6*37 

Tetra-usamylammonium picrate 

. 


6*a8 

Xetra-M^butylainmoiiium picrate 

. 1 7*8 

-17 

6*a8 

Tri«tsc»aRiytammoniuni picrate . 

• * 3*3 

-12*5 


Tri-n-butylaminoniuin picrate 

. 13 * 

-8 

5-02 

Tetra-M-butylammonium acetate 

. ii*a 

-3 

4-59 

The values obtained for Aa, the minor diameter, 

are reasonable as to 


order of magnitude. The more complex electrolytes have the larger 
diameters, and the diameter is relatively independent of the polar 
moments themselves. 
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Values of Xa may be computed in similar manner from cryoscopic 
data.’ For tri-fsoamylammonium picrate, the value computed from 
^ ^ ^ ^ ^ freezing-point 

data is 5-66 A. 
in contrast to 
505 A as 
found in the 
present inves- 
tigation. 

g In the case 

ig >tL of electrolytes 

•24oo<:V^ — with two rela- 

-§ tively sym- 

Q. metrical ions, 

x. — _A..NCNS such as those 

— ---iL of the elec- 

r-*BL».NCIO. trolytc ap- 

— -<» Zo pcaring in 

B j^NBr Fig, 2, the 

polarisation 

01 1 curvT falls off 

Mol fraction X io» very' rapidly 

Fig. 2. — Polarisation curv’es of ionic dipoles which show marked ^'tth concen- 
association. tration. It 

may be in- 
ferred that this is due to the association of dipoltis to quadrupolcs and 
more complex structures. Hooper and Kraus * have ol>5crved the same 
type of curve in the case of tetra-»5oamylamnionium bromide and silver 

f. r’ 20001 ! 

Cryoscopic ? 

measure- | 

ments with q ijkit i 

salts of this Du^nNl ! . 

type in di- — y—oZ^'l | * 

oxane and c ^ ^ D ukid i 

benzene indi- 5 — * b bjHNBr Bu, IHNCI 

cate a high .g ^ o— -co-— y — ,<^ 

degree of as- .^1000 

sociation of £ 
these eleclro- 
1 y t e s at 

higher con- 

central ions. 

The molecu- 
lar weights of 
tetra-wamyl- 

ammonium - p ^ — H 

SiSrandlif M«<fhK«onxlo» 

. 1 . Fig. 3.-— Polarisation curves of ionic dipoles which exhibit a 

the thiocyan- complex type of ajsociation* 

ate of the 

same ion in benzene are several times the formula weight even at concen- 
trations as low as lo*"* N, The same is true of tetra-n-butylammonium 

^ Fuoss and Kraus, /. Am, Chsm. Soc„ 1935# 87 t U 



Buj 

HNI 

.jHNBr 

i 

y- i 

- rt 0 

>_o — 0 

-• — » B 



Bu, 

HNCI 



f-oo- 

y — < 




i 








1 

1 


Mol fyoclfon X 10* 

Fig. 3.-— Polarisation curves of ionic dipoles which exhibit a 
complex type of association* 
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perchlorate in benzene. At concentrations in the neighbourhood of 
I0~* Nf the molecular weight of salts of the type here discussed rises as 
high as from five to ten times the formula weight, indicating the rapidly 
increasing complexity of the solute molecules with increasing con- 
centration. 

The curves for tri-n-butylammonium-iodide, bromide and chloride, 
as shown in Fig. 3, are practically horizontal, straight lines. One might 
conclude, on the basis of polarisation data alone, that these dipoles 
undergo no association. Cryoscopic measurements, however, show 
clearly that these salts are associated at higher concentrations, although 
not to as great an extent as the salts illustrated in Fig. 2. Thus, cryo- 
scopic measurements with tri-n-butylammonium iodide • indicate an 
^ociation of 10 per cent, at 10“* N, although the polarisation curve 
indicates no deviations greater than i per cent, up to that concentration. 
At higher concentrations, cryoscopic measurements indicate rapid 
increase in the complexity of tri-n-butylammonium iodide. 

Fuoss® has shown that when A = 2“^/® in the ellipsoidal model, the 
theoretical slope of the polarisation curve is zero. Debye * has shown 
that for spherical molecules containing a point dipole at the centre, the 
polarisation increases with concentration, owing to the fact that the 
dipoles associate end to end. In the case of electrolytes, such as the tri- 
butylammonium halides, a proper form of the model is probably an 
approximate sphere with a dipole displaced far to one side of the centre. 
This case has not been treated theoretically. On the basis of dielectric 
constant and cry^oscopic measurements, w^e must conclude that associa- 
tion in the case of the tertiary' ammonium halides is complex, some of 
the dipoles associating to form molecules with increased moments, and 
others associating to form molecules with decreased moments. It is not 
pos.sible to analyse this case further on the basis of present data. 


Summary. 

The dielectric constant of solutions of a number of salts in benzene has 
been measured at low concentrations and polarisation values, as well as 
polar moments have been computed therefrom. 

High values obtained for polar moments, ranging from 7 D. to 20 D., 
indicate the existence of electrical dipoles in these solutions. According 
to the form of their polarisation curves, the electrolytes fall into three 
groups, namely : (t) in which polarisation diminishes linearly with con<* 
centration ; (2) in wrhich a large and non-linear decrease occurs ; and (3) 
in which the polarisation is independent of concentration. The form of iiie 
polarisation curves is related to the structure of the ions of the dipoles 
concerned, and is determined by association of dipoles to more complex 
structures. The results of the present measurements are in accord with 
freezing-point and conductance measurements in the same solvent. 

Chemical LaboraUtry^ 

Bfmm Unixxfsity, 

Prcnddenci^ Rhode Islatid, 

*I>. A. Rothrocic, Jr., unpublished observations in the Browm Laboratories 

• Debye, Handbuch det Rediohgic (Marx). Leipzig, 19^5, p. 636 ff. 
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PROPERTIES OF ELECTROLYTIC SOLUTIONS, 
XIX. CONDUCTANCE OF MIXED ELECTRO- 
LYTES IN ETHYLENE CHLORIDE. TETRA- 
BUTYL- AND TETRAMETHYL-AMMONIUM 
PICRATES. 

By Darwin J. Mead ^ with Raymond M. Fuoss and Charles A. Kraus. 

Received 2 $rd December^ *935- 

I. Introduction. 

In solvents of high dielectric constant where association of I -I 
electrolytes is usually negligible, conductances of mixed electrolytes are 
not additive ; it has been shown that the relaxation effect depends on 
the mobilities and mol-ratios of all species of ions present.* Furthermore, 
if association occurs, as is the case in most non -aqueous solvents,* the 
departure from additivity is still greater if the dissociation constants of 
the components of the mixture differ appreciably ; the dissociation of a 
w'eak electrolyte is, to use the phraseology of the Arrhenius theory, re- 
pressed by the presence of a strong electrolyte with a common ion.* Both 
of these effects decrease, of course, with decreasing concentration, It is 
the purpose of this paper to present data on the conductance of tetra- 
methyl- and tetrabutyl-ammonium picrates, singly and in various 
mixtures, in ethylene chloride (D = 10*23), and to compare the experi- 
mental results with theoretical equations which are developed in this 
paper. This comparison will permit a rigorous cross-chtxk of both 
theory and experiment. Improvements in experimental technique, 
which have greatly increased the relative precision and improved some- 
what the absolute accuracy of conductance determinations in ethylene 
chloride, are also described : relative values are now self-consistent 
within a few hundredths of a per cent., and absolute values are repro- 
ducible to about 0*1 per cent. 

* This paper comprises part of a thesis submitted by Darwin J. Mead in 
partial fulfilment of the requirements for the degree of D^tor of Philosophy in 
the Graduate School of Brown University. 

*Onsager and Fuoss. J. Physic, Chem,, 1932. j6, 2O89. 

• Fuoss, Chem. Hev., 1935, 17* 27. 

•The modern theory of association and the older dissociation theory of 
Arrhenius lead to results that are formally similar in their application, although 
they differ widely in the underlying mechanism.s postulated. The former assumes 
a priori that only ions are present and that these may associate under the action 
01 Coulomb forces provided that the energy relationships jKjrmit, the original ions 
retaining their identity in the associated complex. The dissociation theory of 
Arrhenius treats the equilibrium of electrolytes from the thcrmodjmaniic jx^iiit of 
view, assuming that ion.s are formed from neutral molecules by a process of dis- 
sociation. Strictly speaking, no assumptions are here made as to the nature of 
the neutral molecule,^ nor of the mechanism involved in the process of dissociation 
or association. Actually, the older theory assumed the neutral molecules to be 
combinations of atoms which dissociated with separation of charge to form ions. 
To be consistent, we should speak of assi^ciation rather than dissociation constants ; 
we shall, however, retain the conventional nomenclature, since this has been 
generally employed throughout the literature. 

594 
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II. Experimental. 

Apparatus. — The electrical equipment is essentially the same as that 
used by Cox, Kraus and Fuoss.» We have supplemented the known 
resistances available by a megohm non-'inductive, non*capacitative 

resistance • box and take this opportunity to thank Professor M. Wien for 
his kindness in having the box made for us. 

The conductance cells were of the Erlenmeyer type described by Kraus 
and Fuo 8 s 7 The electrodes were unplatinised. Cell constants were deter- 
mined by comparison with a cell whose constant was 0*38743, according 
to Jones and Bradshaw’s data * for o*i demal potassium chloride solution 
at 23®. The two cells used had constants of 0*10683 and 0*21299, respec* 
tively (each an average of five separate determinations which agreed within 
0*02 per cent.) ; polaiisation • and lead effects were negligible, since the 
ratio of cell constants showed a variation of less than 0*05 per cent, with 
resistance (8000-400,000 ohms) and frequency (400-2000 cycles). 

Materials. — Ethylene chloride was purified by the method of Cox, 
Kraus and Fuoss, with one change : after standing for about a week over 
activated aluminum oxide in the last step of the purification, the ethylene 
chloride was stjparated from suspended oxide by filtering through glass 
cotton (a very fine glass wool, 2-3 microns average diameter, manufactured 
by the Ow^ens- Illinois Glass Co., Toledo, Ohio) in an all-glass apparatus 
designed to exclude atmospheric moLsture. This procedure gave con- 
sistently lower value.s of solvent conductance than when the solvent w^^as 
distilled from the aluminum oxide. The solvent conductance varied from 
0*6 M. to 5*0 X 10-“ mho; since the specific conductance for the 

most dilute solution was about 5 x io~*, the solvent correction was en- 
tirely negligible, In view of the uncertainty usually involved in solvent 
corrections, we are convinced that reliable results in non-aqueous solutions 
can only be obtained if the correction is made unnecessary by reducing it 
to a value withm other exj>erimental errors. 

Tetrabutylammonium picrate (m.p. 89*5^) was prepared by the method 
of Cox, Kraus and Fuoss, except that the final recrystallisation was made 
from alcohol (2 c.c. \yeT gram, 85 per cent, yield on first crop). 

Tetramethylainmoniura picrate was prepared by neutralising an 
aqueous solution of tetramethylammonium hydroxide with an alcoholic 
solution of pjcric acid, followed by recrystalhsation of the product from 
70 pt^r cent, alcohol (u c.c. j>er gram, 92 per cent, reex^very on first crop). 
The hydroxide was prepared from the bromide by reaction with silver 
oxide ; the bromide used was obtained by recrystaliising Eastman tetra- 
methylammonium bromide twice from 05 per cent, alcohol (18 c.c. per 
gram, 80 per cent, recovery on first cropK 

Method. — All of the series were earned out by a dilution method. 
The procetlure given below is for tetrabutylammonium picrate ; on account 
of Uie lower solubility of the tetramethyl salt, the initial solutions for this 
compound and for the mixtures were prepared in a 500 c.c. reservoir, from 
which about 90 c.c. were pumped into the cell by pressure of dry air 
saturated with ethylene chloride vapour. (The cell was, of course, pre- 
viously filled w'ith air saturated with solvent vapour.) This variation wras 
necessary in order to avoid weighing less than 50 mg. of salt. 

A sample of salt (about 100 mg., weighed to 0*02 mg.) was weighed into 
the cell and then about 90 c.c. of ethylene chloride were added. After the 
salt was dissf^lved, the cell cap was lifted an instant to release any excess 
pressure, and the solution was weighed, A correction was applied for the 

*Cox. Kraus and Fuoss, Tram. Far. 1935. 749- 

® Wrnk and Wien, Physifi. Z., 1934* 35* *45- 

^ Kraus and Fuoss. J. Amrr. 55t 

* Jones and Bradshaw, ibid., 1780. 

• Jones and Christian, ibid.. 1935. 57* 272. 

Jones and Bollinger, ibid.. 1931, 53, 411. 
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ethylene chloride in the vapour phase (the solvent has a vapour pressure 
of about o-io atmosphere at 25® and a molecular weight of 98). No reduc- 
tion to vacuum weights was made, because salt and solvent have about the 
same density and the weight concentration is obtained as the ratio of 
weights of solute and solution. In order to obtain volume concentrations, 
the density of ethylene chloride, 1*2455, was used at each concentration, 
since the highest concentration measured was only several thousandths 
normal, and the concentrations of the solutions used in the comparison 
with theory were never greater than 2 x 10 N. 

After weighing, the cell was placed in an oil bath at 25 a 0*002®, and 
allowed to come to temperature equilibrium, after which the resistance was 
measured. In order to obtain the next (more dilute) solution, a portion of 
the solution was removed by means of a pipette of the design shown in 
Fig. I. The pipette had previously been cleaned, weighed and evacuated. 

The cap was removed and the capillaiy tip was 

I placed under the surface of the solution in the cell. 

I \ \ after which the lower stopcock was opened. After 

J J L a suitable volume had been drawn into the pipette, 

^ ^ n H stopcock was closed, the pipette withdrawn from 

T lill replaced. Then the stopcock 

^ lUli reopened for a few seconds so that the entering 

^ \ M|r air swept the capillary free of solvent and vapour. 

\|\ The weight then gave the actual weight of solution 

ill removed from the cell ; a small correction w^as ap- 

ttl plied for the difference in density between air (for 

n\ initial empty pipette weight) and air saturated with 

ft\ solvent (for final weight). The ethylene chloride in 

ill the vapour phase in the pipette, of course, counts 

111 as solvent removed from the cell. Next, ethylene 

111 chloride was added to the cell to bring the volume 

111 back to about 90 c.c., and after mixing, the cell 

111 was weighed and replaced in the thermostat. The 

HI above procedure eliminates errors due to evapora- 

tt| tion. 

n| Sorption Effects. — In making a series of dilu- 
HI tions by the method described above, it was found 
J HI conductance values obtained for tetra- 

H| butylammonium picrate at concentrations less than 
- Hi ^ ^ foo high when compared with 

il| values calculated from points at higher concentra* 
U tions. This error indicated desorption of electrolyte 
from the walls and electrodes of the cell, and a 
careful study of the effect was therefore made, using 

Pjq j Dilution the method of Cox, Kraus and Fuoss. This consists 

pipette. in making up in a reservoir a series of solutions of 

the same nominal concentration, and adding suc- 
cessive portions of these to the same cell until the resistance remains the 
same for repeated fillings of the cell. Points at i, 2 and 4 x 10^ AT were 
determined for tetrabutylammonium picrate ; the experimental results are 
summarised in Table 1. Since the points at 2 X 10-* N for tetramethyl- 
ammonium picrate, obtained by the dilution method, were consistent with 
those at higher concentration, a detailed study of desorption effects was not 
made for this salt. The results at 2 x io~* N indicate that Me4N .Pi is 
less strongly adsorbed than BU4N . Pi, 

The details of the method are readily made clear by considering the 
point at 2 X IO-* N. Solution A was prepared by adding about 6 5 g. of 
a 0*001 5 N solution of BU4N . Pi from a small weight buret to 450 g. ethylene 
chloride in a Pyrex reservoir. As the results indicate, part of the salt was 

11 Walden and Busch, Z. physikal, Chem., 1929, 140A« S9. 
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TABLE I. — Data for Sorption Ekfbcts in BU4N . Pi Solutions. 


C « 1*000 X IO-* C « 2*000 X IO-* C = 4*000 X IO-* 


No. 

R. 

No. 

R. 

No. 

R. 

A I 

398130 

A I 

206780 

A I 

109580 

2 

396270 

2 

206235 

2 

109270 

3 

395950 

3 

206120 

3 

109290 

4 

395950 

4 

206120 







B 1 

109055 

B 3 

395050 

B 1 

205640 

2 

109050 

5 

395150 

2 

2056^ 

3 

109065 

6 

395050 







C I 

205140 

C I 

108990 

C I 

394260 

2 

2051^ 



2 

394260 

3 

205210 



4 

394350 



Summary . 



D I 

205210 



D 2 

393950 

2 

205200 

c X IO» 

A (final) 

3 

393970 





4 

393960 

E I 

205150 

4*000 

48-87 





2*000 

51-91 

£ I 

394200 



1*000 

54*02 

2 

394350 






adsorbed on the walls of the reacrv'oir. When the first portion was added 
to the cell, further adsorption took place ; the resistance dropped with 
time, and, upon repeated shaking, it became steady at 2067^ ohms. 
Successive fillings with the same solution decreased the resistance by 660 
ohms or 0*32 per cent. A second solution was then prepared in the reser- 
voir ; the appropriate correction being made for the w’eighed residue of 
Solution A remaining in the reservoir. This solution showed a further net 
decrease of 540 ohms or 0-26 per cent, over the preceding solution. The 
resistance of i^lution C was 470 ohms or 0*23 per cent, less than that of B, 
while that of Solutions D and E differed from C only within the limit of 
experimental error. The final value, 205150 ohms, gives 51*91 for the 
equivalent conductance at 2 x 10-* -V, which is within 0*03 per cent, of 
the calculated value. The net change due to adsorption on the glass w*alls 
of the cell and n?servoir and on the platinum electrodes thus amounted to 
0*79 per cent, at 2 x xo-* *V. The net change at i x lo-* N was 0*96 per 
cent, and at 4 x 10 S was 0*54 per cent. Desorption produces a smaller 
absolute error than does adsorption because it represents a differential 
rather than a total effect ; for this reason we were able to obtain fairly 
reliable data even at 2 x lo-* by dilution from higher concentrations by 
the pipette method. [Cf, later comparison of csdculated and observed 
values in the Discussion.) 


III. Results. 

The experimental results are summarised in Tables II. -IV. Table IL(a) 
gives the data for tetrabutylaxnmonium picrate ; the conductance values 
are about 2 per cent, higher than those reported by Cox* Kraus and Fuoss* 
which indicates that the salt used in the previous work may have coti<^ 
tained some tertiary salt. (The present material was more carefully 
purified and melted about 0-5® higher.) Series 1 and 2 were made in 
different cells by different observers. 

The data for tetramethylammonium picrate are given in Table 
The specific conductance « of the saturated solution at 25® was 2*457 x 
By maldng an empirical extrapolation on a log ir-log c plot (whi<± is nearly 
linear in this range of concentrations}, the saturation concentration was 
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TABLE II. 


Series z. 

Series 2. 


C X lO*. 

A. 

C X 10 * 

A. 

(a) Conductance of Tetrabutylammonlum Plcrate in Ethylene Chloride. 

11708 

24875 

15*054 

23*140 

6-251 

29325 

7-187 

28-239 

33525 

34*114 

3*7710 

33-166 

1*6131 

39-789 

1-8761 

38-625 

08732 

44->9 

0-7810 

44-96 

0-4268 

48-56 

0-37668 

49*21 

0-20877 

51*79 

0-20363 

51*91 

0-09995 

54*15 

0*12281 

53-36 

(b) Conductance of Tetramethylammonium Picrate in 

Ethylene Chloride. 

9*977 

15-016 

8-260 

16-019 

5-069 

19-296 

4*509 

20-084 

3 - *691 

22-918 

2-7627 

24-024 

1-9900 

27035 

1-8822 

27-521 

I-II86 

32-827 

1-0879 

33*095 

07677 

36-95* 

0*6230 

39*297 

0-5124 

4**57 

0-38626 

44-84 

0-27331 

48-83 

0-23732 

50-41 

0-20321 

52-14 

0-17528 

53*73 

19-082 

11-713 • 

22-25 

n-04 

• Separately determinated. 

** Saturated solution. 

TABLE 

III. — CONOUCTANCB OF MlXTORS. 

C X 10 *. 

K X i<F. 

e X 10*. 

M X 10 ^, 

(») ^ 

0-4233. 

(^) 

-- 2-3424. 

9-178 

16-734 

9-080 

20-826 

3-9796 

9-461 

3 * 42^3 

10-187 

1*9468 

3-760 

1-6266 

5*792 

1-0287 

3-6531 

10670 

41638 

0-6239 

2*5257 

0-5738 

2*5234 

0-38856 

i ’ 759 t 

0-41055 

1-9102 

0-26115 

1-2842 

0-24736 

1*2393 

0-18260 

0-9383 

0*20580 

1-0532 



TABLE IV.- Conductance of Equimolar Mixture. 


C K Id*. 

« X XO*. C X I0». « X tc^. « X lO*. 

« X 10^. 



0-9923. 


SW X-OOIl. 


». 1 - 001 1 . 

8-797 

18-228 

8-754 

18-209 

«*754 

18-204 

4-1425 

10-675 

3-9078 

10-254 

4-674 

11-659 

2-0418 

6-388 

2-0238 

6-355 

2*5557 

7-342 

1-0348 

3-8436 

11833 

4-259 

1*5528 

5-224 

0-6273 

2 - 6 i 18 

“•7463 

2-9933 

0*9425 

3-5845 

0*4141 

1-8779 

0-4388 

2-0397 

0-5810 

2-4623 

0-26034 

1-2838 

0-28335 

1-3774 

0*36121 

1-6834 

0-20359 

1-0438 

0-19772 

1-0183 

0*25100 

0-20170 

1-2470 

1-0368 
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found to be 2*22, x io~*. Our values for the conductance of this salt 
average about 0*3 per cent, lower than those of Walden and Busch. “ 

The data for the mixtures of tetrabutyl- and tetramethyUammonium 
picrate are given in Tables III. and IV. ; they include one series at a mol- 
ratio o»3/o7, three at 0*5 /o‘5 and one at 0'7/o«3. In the first column are 
given total concentrations, c = cbu -f and in the second the corres- 
ponding specific conductances. The heading of each table, CBnicue* gives 
the molar ratio of tetrabutyl- to tetramethyl-ammonium picrate in the 
mixture. 


IV. Discusaion. 


It has been shown that the conductance of i-l electrolytes as a function 
of concentration is given at low concentrations by the equation 

A = y(/lo — <xV^) . . . . (I) 

where y satisfies the mass action equation 

CY*PI{i —y)=K . . (2) 

and / is given by the Debye-Hiickel limiting equation 

~\ogf = . . (3) 


(The limiting equation is used because ions which are not near enough 
to count as associated ion pairs arc, on a time average, far enough apart 
to permit the above approximation.) The symbols have the following 
mc*\nings : A «= equivalent conductance, limiting conductance, 

r — concentration, y == fraction of solute unassociated, /= activity 
coefficient, a = Onsager’s mobility coefficient,'^ p = Debye and Hiickers 
constant, and K -- the ** dissociation constant,*’ f.e., the reciprocal of the 
association constant. By introducing a variable z, defined by the 
equation 

« = cA • ( 4 ) 


(l) may be written 

A = yiV\s) . . . . (5) 

where 


F($) — Jcos*Jcos~h — 3\ 3S'2) . . • (^) 


(Values for F\z), o < z < 0-209 have been published in tabular form 'A) 
Combining (2) and (5), we obtain 


F i cAp , I 


. (7) 


which reduces the conductance curve to a straight line when FjA is 
plotted against rAPjF. Equation (7) cannot apply above a critical 
concentration '• 


3*2 X at 25® ... (8) 


on account of higher association than pairwise ; actually deviations of 
the order of several tenths of a per cent, appear at somewhat lower con* 
ceiitrations. In ethylene chloride {D ^ I0‘23), the critical concentration 


Fuoss and Kraus, /. AffUfr, CJktm. Soc., i<>33» 55* 47^> 
»» Bebve and Hilckel, Pkysik, Z,, 1^23. 24, 185. 
Ousager. itnd„ igzii, *8, 277. 

Fuoss, /. Amer. Chem, Soc., 1935, 57, 4S8. 

Fuoss, ibid., 1935» 57* 



600 


CONDUCTANCE OF MIXED ELECTROLYTES 


is 3*4 X lO"'* N. In Fig. 2, a plot of our data for the dilute solutions of 
tetramcthyl- and tetrabutyl-ammonium picrates is given ; it will be 
seen that the data give straight lines as required by (7). The slope and 
intercept of the lines give, respectively, ijKA^ and ijA^ which, in turn, 
evaluate K and u 4 o- (For details of the method of calculation, see p. 36, 
ref. 3.) The results are given in Table V. 


TABLE V. — Constants for MB4N . Pi and BU4N . Pi in C,H4Cl,. 


Salt. 

Intercept. 

Slope. 

K X xo*. 

A.. 

Me4N . Pi 

0013549 

5 t >38 

03256 

73 - 8 J 

BU4N . Pi 

0-017421 

J -3337 

2-27^6 

57 -»o 


A comparison of calculated and observed values is shown in Tables NT 
and VIL In the first column are given concentrations and in the second 
per cent, deviations, 




F 


)■ 


100 




z 

y 


when the deviation is positive, A (obs.) > A (calc.). 

The data for Me4N . Pi arc somewhat more self-consi.stent than those 

for Bu^N , Pi. The 
large deviations at 
about 2 X I0*“* N 
indicate that the 
theoretical equation 
is beginning to fail ; 
at 3-4 X I0’"^ ac- 
cording to (8), it 
would be impossible 
to calculate the con- 
ductance by means 
of (5). Our value 
for ^ 73‘8L ior 
MC4N . Pi is 1*5 per 
cent, lower than the 
value obtained 
by Walden and 
Busch ; of this 
discrepancy, 0’3 per 
cent, is due to a dif* 
fcrence in absolute 
values of specific 
conductance, and 
the remaining 1 "2 
per cent, is due to Walden and Busch’s method of extrapolation. When 
mass action effects are present, an inflection point appears in the A-Vc 
curve at approximately 

Cbd, - 0-2165 AT/ZW- 

For Me4N . Pi in C4H4CIJ, Cfai, is about 7*5 x IQ"** iV. Near the inflection 
region, the curve approximates linearity, and Walden and Busch simply 



Fig. 2. — ^Test of conductance equation (7) for tetra- 
methyl- and tetrabutyl-ammonium picrates in ethy- 
lene chloride. Black circles are final points from 
Table I. 
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extrapolated from their most dilute points linearly with a slope equal to 
5430, in order to obtain their value of As a matter of fact, the curve 
must approach Aq at c = o, with a slope equal to 547, the Onsager co- 
efficient, and be concave to the axis of concentration in the region between 
c ^ 0 and the inflection point. 

In the case of the tetrabutyl salt, the theoretical equation seems to 
hold to slightly higher concentrations than for the tetramethyl salt. 
The large deviations at 0*9995 and 1*2281 X lO"* N are due to desorption 
in diluting the more concentrated solutions. At each of these points, 
the concentration is calculated by the product of dilution ratios from the 
initial concentration used in the series ; when desorption occurs, the 
specific conductance (and hence A) is too large, because more electrolyte 
and hence ions) is actually present than is calculated from dilution ratios. 
The relative error due to desorption increases with dilution. The last 
three points of Table VII. are those which were discussed in the section 
on Sorption Effects. These values are independent determinations, i.e., 
they do not depend on a product of dilution ratios as do those in the 
series. It will be noted that they agree well with the calculated values, 
which arc biised on the average straight line of Fig. 2 drawn through all 
of the points. 


TABLE VI. TABLE VII. 

Comparison of Calculated and Observed Conductances. 


c X 10*. A , c X 10*. A. 


(•) 

Me,N . Pi. 

BU4S . 

Pi. 

19900 

— 016 

161 31 

- 0*03 

11*180 

0*00 

>^ 73*2 

— o*o6 

7-677 

4- 0 05 

4 -268 

4-003 

,51 

-h 0*05 

2-0877 

4-0*04 

2733* 

4- 0*02 

0*9995 

+0-31 

2*0321 

0*00 

18*761 

— o*o8 

18*822 

- 0^7 

7*8x0 

4- 0*01 

10-879 

0*00 

37 ^^^ 

4 - 0*04 

6*230 

— 0*04 

2 0363 

4- 0*10 

3*8626 

0*00 

1*2281 

4- 0*20 

^• 373 ^ 

— 0*03 

4*000 

— 0*03 

1 752 « 

0*00 

2*0000 

— 0*03 



1*0000 

4-0*07 


We next consider the mixtures. As was pointed out in the introduc- 
tion, two effects combine to prevent the specific conductances from being 
additive : mobility effects due to mixed ionic atmospheres, and the 
common ion effect which promotes increased association of the relatively 
small tetramethylammonium ion. Both effects decrease w*ith decreasing 
concentration, atid at zero concentration, both components have the 
values characteristic of the pure salts. The differential mobility effect is 
greater the more the mobilities of the ions of like charge differ, and 
vanishes for the case of equal mobility of ions of like charge. In our 
example, the common ion effect predominates, because the total ion con- 
centration is so small tliat the net mobility effect amounts to only about 
4 per cent, at the highest concentration considered, and the mixed 
atmosphere effect is superimposed on this correction. As wilt be seen 
below, however, the effect is large enough to be observable at i x N 
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in ethylene chloride. At higher concentrations, the effect would, of 
course, be larger, but we are unable to make the theoretical calculation 
because no theory is yet available. 

The theory for the first effect has been developed by Onsager and 
Fuoss ; that for the second is easy to derive. Suppose we have two salts 
AX (methyl) and BX (butyl) with a common negative ion X'. Let q be 
the stoichiometric concentration of AX and Ki its dissociation constant, 
and Cj and the corresponding quantities for BX. Then at a total 


concentration r, we have 

c = f, + . . . . (9) 

[A+] = yjfi, [B+] = • • • - (lO) 

lA-^] + [B"] = [X']=r,y,+ f.y, . . - (il) 

[AX] = r,(l - y.), [BX] = f,(l - y,) . . (l2) 


where the bracketed quantities mean the actual concentrations of the 
species enclosed. We then have two mass action equations to satisfy 
simultaneously 

yi(ciyi + — yi) = A'l . . . . (13) 

yil^tyi + qyi)/*/(i — y») = X, . . ■ (14) 

where the activity coefficient is given by the equation 

— log / = pv f,yi + C|yf .... (15) 

If r denotes the ratio we have the simple relation between the 

y’s: 

yi(> — yt)/yt{i — yi) = >■ • • • 

If we use {16) to eliminate y, from (13) except in/*, we obtain the cubic 
equation 



where 

x = cjci .... (18) 

and 

(19) 

For simplicity, this may be w'ritten 

yi* + + hvi + ^* — o . . . (20) 

Now' (17) is not a pure algebraic equation, because yi appears as an 
exponent in /*, nor has y* been eliminated from /*. It is possible, how- 
ever, by a series of successive approximations to solve (17) and (16) for 
Yi and y^, given Aj, r and The details of this calculation 

will be illustrated by a numerical exampl^. 

Suppose we have a mixture of tetramethyl- and tctrabutyl-ammonium 
picrates for which x, the ratio of butyl to methyl, is 0*4233, and where 
c = 1*0287 X For this pair of salts, r = 0*3256/2*2756 =» 0*14308* 

From the values of the constants given in Tabic V., we find, by means 
of (i), (2) and (3), that y = 0*8114, /• = 0*6360 for pure Bu^N . Pi at 
c s=r 1*0287 X 10“'^ and y = 0*4813, /• == 0*7058 for pure MC4N . Pi at 
the same concentration. If we use the average ** of the/* values, 0*6709, 

‘’A better approximation could have been obtained by interpolating for 
/• linearly on a mol fraction scale, but the final values of yi and y, are, of course, 
independent of the initial approximations. 
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as a first approximation, (17) becomes 

Vi* + 1-3324 Yi* - 0-5593 Yi - O-l 1210 = o, 

which gives yj = 0*4522. This gives y, = 0*8523 by (16), and we now 
calculate/* in second approximation by (15), using these values of y, and 
yj. This gives /* == 0*6841 as second approximation, and (17) becomes 

Yi' + 1-3195 Vi* - 0-5485 Yi — 0-10995 = O. 

The root is y^ = 0*4488, which gives y, == 0*8505 and /* = 0*6848. 
Returning this value to (17) leads toyj = 0*4485, y, = 0*8504, unchanged 
by further repetition of the process, as the fraction of tetramethyl- and 
tetrabutyhammonium picrates existing as free ions in the mixture. 

In order to compute the mobility correction by the method of Onsager 
and Fuoss we need values for the single conductances. If we assume 
Walden’s rule to liold for the picrate ion, and using Ulich’s value 
A^{VV)yi — 0*268, -/lo(Pi') in ethylene chloride is 34*12 = /!%, using 
— 0*007853. Then A^i — 39*69 for Me4N"^ and = 23*28 for Bu4N^. 
We then have, in Onsager and Fuoss’ notation, for the matrix giving the 
mobility-ratios 

uiji — 

the quantity 

( 0*5000 0*6303 o*5377\ 

0*3697 0*5000 0*4056 ) 

0*4623 0*5944 0*5000/ 

The /t’s l4 . 7 • 2] have the values ==: c^ril 2 (ciyi + = 0*2774. f4 = 

0*2226, =• 0*5000. For the matrix H, w*ith elements [4.9.9] 

hfi == 

we obtain 

( 0*5909 0*0823 0*23I2\ 

0*1749 0*6947 0*2972 I 

P'1492 00903 0*7395/ 

with the invariants (4 . 9 . 5] /j — 2*0250 and [4 . 9 . 6)/, = 1*2853. For 
operation on eigenvectors [4.9.7]. [4.9.8] of H, 

I ^ — 0*6432 — 0*6992 H 

according to the proof in § 4 . 9 of Onsager and Fuoss’ paper. In ethylene 
chloride, the relative mobility correction [4.7. 10] due to relaxation 
effects is given by 

^ ^XJX - n*693n/*Z^(i 

where F is total ionic concentration, 2(r|yj -f c^y^. We find AA|/Jf = 
— 0*0423, iiXJX — 0 0307 and SJCJX == — 0*0371. In pure 

The method of calculation is fairly simple from the point of view of arith* 
metical manipulation, but the underlying theory is somewhat too complicated to 
be explained in detail here. For this reason, the reader is referred to the original 
paf^r by Onsager and Fuoss for an explanation of the method and symbols ; to 
facilitate reference, equation numbers in square brackets will be given which 
correspond to those used in the cited paper. The electrophoresis coirectioin is 
derived in § 4*2 ; in f{ 4*3'4*7. the differential equations for the relaxation effect 
are aet up and solved ; and in §f 4*8*4*10, the method of calculation is ex|da^ed. 
In order to read § 4*3, it is necessary first to read H 2* 1-3*5. but the material in 
aection 3 (pp. 2704-2735) deals primarily with viscosity effects, and may be 
omitted by tWsc inter^ted only in the conductance theory. 

»H^lich. Trans, Far, Soc,, 1927, a3, 388, 
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Me4N . Pi or pure BU4N . Pi at a total ionic concentration of ri688 X 10*** 
the actual ionic concentration in the mixture under discussion, the relaxa* 
tion correction for either ion would be 371 per cent. In the mixture, 
the correction for the tetramethyl ion is increased to 4*23 per cent,, and 
that for the butyl decreased to 3*07 per cent. ; that is, the faster ion is 
slowed down and the slower ion is accelerated. Multiplying by the 
appropriate AX^jX, we find AA^ = 1*677, Ail, = 0715, Ail, == 1*267 for 
the relaxation corrections. Wc also have to apply a correction 

[B9h{Dm(ctYi + 

to each . 4 % for electrophoresis [4 . 2 . ii], which amounts to 0723 in this 
case. We thus obtain A\ = 37'299, A\ = 21-841 and A\ — 32-130 as 
the ionic conductances for (hypothetical) complete dissociation. In order 
to calculate the specific conductance, we have 

IOOO#C = CiYiA’i + + (ciYi + c,Yt)A't = 3 6543 x io-» (21) 

The observed value of specific conductance at this concentration was 
3*6531 X I0“** which agrees within 0-03 per cent, with the value cal- 
culated above. 

If the effects of mixed ionic atmospheres are neglected, a somewhat 
larger value is obtained 

1000 K = r,yi(yl°i -- 0-0371 A \ — 0*723) + 

CtYt{A\ - 0-0371 A\ - 0-723) + 

(^lYi + - 0-0371 - 0-723) =: 3-6578 X 10-^ 

which is o-o68 per cent, larger than the correctly computed value. If we 
calculate the value k** obtained by adding the specific conductances of 
each salt present alone at its actual concentration, we obtain the specific 


TABLE VIII. — Comparison of Calcui.atrd and Obsxrvsd Specific 
Conductances for Mixtures. 


C X lof 

A. 

f X to*. 

A, 


- o•4^3^* 

‘^Bu/'ill. - 

1*0287 

0*03 


Series 1. 

0*6239 

4- 0*01 



0*38856 

-r 0 03 

1-5528 

0*27 

0*26115 

•f 0*02 

0-9425 

— O'lO 

0*18260 

— 0*02 

0*5810 

^ 0*05 



0*36121 

4“ 0*02 


09923 

0*25100 

+ 0-03 

0*21 

0*20x70 

— 0*01 

X'0348 

0*6273 

- 015 


Series 2 

0*4141 

— 0*11 



0*26034 

— 0*12 

11833 

•*-* 0*23 

0*20359 

— 0*12 

0-7463 

- 014 



0-4588 

— 0*10 


23424 

0-28333 

— 0*11 

— 0*17 

0*19772 

-013 

1-0670 

0-5738 

— 0*09 



0-41055 

— 0*09 



0*24736 

— 0*07 



0*20580 

— o*o8 
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conductance the solution would have if there were no interaction at all. 
For «== 0*4233 and 1*0287 X lO”"* — 0*7228 X 10^* and 

Cj « 0*3059 X I0“f At 0*7228 X 10“*^ JV, Me4N , Pi has a specific 
conductance of 2*7177 X lo*^ ; and at 0*3059 X I0“*^ N, BU4N . Pi has 
a specific conductance of 1*5353 X lO"^, giving ic" = 4*2530 X lo*^, a 
value 16*40 per cent, greater than the correct value. Finally, we obtain 
#f'", the additive value by linear interpolation on a mol-ratio scale : 


X 

I 4-- ^ 






(22) 


At 1-0287 X 10“*, if(Bu4N . Pi) is 4-4347 X I0“* and »f(Me4N . Pi) is 
3-4638 X 10 “*, giving /c'" — 3-7526 X 10 “* which is 2-62 per cent, too 
large. 

A similar calculation has been made at each of the points in the dilute 
range for the mixtures given in Tables III. and IV. This calculation is 
summarised in Table VIII. The percentage deviation A is defined as 
too (#cobt. — It will be noted that the agreement is within 


3 


2 

% 


I 


C X 10^ 

Fig, 3. — Percentage difference between true and linearly additive specific con- 
ductances for etjuiinolar mixture of tetrabutyl- and tetramethyl'ammonium 
picrates in ethylene chloride at 25^ as a function of concentration. Solid 
curve calculated* circles observed (Table VI 11.). 



the experimental error in ever\* case ; the observ*ed values contain the 
errors in the actual mecisurcmcnts on the mixtures while the calculated 
values naturally contain, through the two Aq and K values, the sum of 
the experimental errors involved in the determinations on the pure salts. 

The difference between the actual value of specific conductance in a 
mixture and the value calculated by (22), i.e., by the simplest mixture 
rule, is a rather interesting function of concentration and mol-ratio. 

Fig* 3 » the solid curve is the calculated value of lOO (k'" ic)/#c for an 
equimolar mixture (x =« l), plotted agiunst concentration, and the circles 
represent the experimentally determined values. At zero concentration, 
where there is no association, 

lim Kjc lim 


* (as) 
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CONDUCTANCE OF MIXED ELECTROLYTES 


It can easily be shown that 


and that 



A\ + A% 

I -j- X 

ziAt) 

dc Jtm, 


x{A%. + A%} 

I + * 



( 24 ) 

(25) 


If specific conductance at a fixed concentration is plotted against mol 
fraction, a curve is obtained which is convex towards the axis of mol 
fraction. The line joining the end points represents k'". At high con- 
centrations, k(Bu) > if(Me) on account of the higher dissociation of the 
butyl salt, while at low concentrations, where dissociation is nearly 
complete, /c{Bu) < ic(Me), because the Me4N'^ ion has a greater mobility 
than the BuiN*^ ion. The per cent, difference between k and k** has a 
maximum value which is at about 70 per cent. Me4N'^Pi ; 30 per cent. 
BU4N . Pi at 10*"* N, and which shifts with concentration. It is possible 
to derive the corresponding equation, but since it is quite complicated, 
and does not contain much in the way of new information, it will not be 
discussed here. At the concentration where #f(Bu) = if(Me), the con- 
ductance curves for the pure components cross on a A — V c plot. At 
this concentration, the e<|uation 

yUeFi^Ht) . 

.... [ 20 ) 

must be satisfied. (Here F{m) is the function specified in Equation (6).) 
The curves cross at r = 2 . lO X 10"’®, which gives 07783 for the left- 
hand side of (26). From the values of the limiting conductance.^ obtained 
by extrapolation on a FjA — cAPjF plot, we find for the right-hand side 
57'4 o/73’8i =07777. The agreement is within 0*I per cent, wdiich is 
w^ithin the error of locating the concentration by gniphicai interpolation 
on the il-Vc plots. 


Summary. 

An improved technique for determining conductance of solutions in 
volatile solvents is described. Relative v£dues. self-consistent to several 
hundredths of a percent were obtained. 

The conductance of tetrabutyiammonium picrate, of tetramethyl- 
ammonium picrate and of various mixtures of tbe.se salts in ethylene 
chloride have been determined. Up to about 10 N, conductance values 
for the mixtures, calculated from the constants d, and K of the pure salts 
by an extension of the association theory to mixtures, agree with the 
observed values within the experimental error of about 01 per cent. 

Chemical Laboratory^ 

Broum University, 

Providence, KJ, 



ELECTRON DIFFRACTION ANALYSIS OF THE 
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The object of lubrication is the reduction of friction and there arc two 
main methods of achieving this end. It has been shown by the experiments 
of Tower ^ and the theoretical investigation of his results by Osbourne 
Reynolds * that a welMubricated journal or shaft becomes automatically 
separated from its bearing by a film of liquid oil under pressure when it 
is rotating at normal speeds, and the frictional resistance is then entirely 
due to the viscosity of the oil. This type of lubrication is known as 
** liquid film ** or viscous lubrication.** 

However, in many cases, it is impossible to design the bearings of 
any machine so that they shall automatically maintain a thick film of 
oil between the contacting surfaces. Under these circumstances, when 
the solid surfaces actually rub against one another, the efficiency of an 
oil as a lubricant is found to depend no longer upon the viscosity hut upon 
a new property of the lubricant often termed its oiliness.** This type 
of lubrication is known as “ solid film ** or boundary ” lubrication. 

In boundary lubrication, the lubricating film, though excessively thin, 
may be several molecules thick and it has been shown that oiliness is 
an expression of the fact that the molecules of an efficient lubricant 
become oriented on the bearing surfaces, producing films which have 
a very low coefficient of friction when the bearing surfaces are in contact. 

Determinations of the viscosity, specific gravity, volatility, flash 
point, etc., give valuable infonnation regarding tlie performance of a 
lubricant. None of these tests, unfortunately, measure the degree of 
oiliness upon which Ute reduction of friction at low speeds and under 
high pressures depends. This property has, hitherto, been only measured 
by friction-testing machines. 

Since the orientation of the molecules of long-chain carbon compounds 
can be delected from the electron diffraction patterns obtained by re- 
flecting a beam of electrons from a film of the compound, an attempt was 
made to arrange a numlxrr of oils in an order of decreasing degree of 
orientation by the Electron Diffraction method, and then to compare this 
order with their efficiencies as boundary lubricants as found in practice. 

Method. 

Specimens of the various oils were spread out in thin films upon metal 
backmgs and inserted in an Electron Diffraction apparatus similar in 
design to that described by Professor G. P. Thomson.* X fine l>eam of 
electrons was passed from the discharge tube, through two small pin-holes 

^ Tower, Pr&c, Inst. Mich, Eng., 18H3. 032 ; 1684. zq , iSHy 58 ; 175 ; 

1891, iti. 

Trans., 1886. 157. 

P. Thomson and Fraser, Prac. Ray. Soc,, 1930. ij8A, 641. 
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in the anode, and was incident at a small gtasing angle on the specimen* 
The energy of the electrons used was about 30,000 vdts. 

Preparation of Films. 

Thick films of the oils were prepared by allowing a drop of the lubricant 
to spread over the surface of the backing when the latter was placed on 
a level surface. 

Very thin films were prepared by rubbing the backing, which had been 
smeared previously with a little of the oil under test, with soft tissue paper 
until a thin uniform film was obtained. This method was employ^ by 
Murison.^ 

Only rough estimates of the thickness of the films used can be given. 
In the apparatus, the thicker films tended to flow to one end of the specimen. 
The thiclmess of these films at the point where they were struck by the 
electron beam, was probably of the order 0*02-0*05 cm* exceptional 

cases m which oils were superimposed one upon the other, the thickness may 
have reached an upper liimt of 0*1 cm. 

Some films were too thin to show interference colours and occasionally 
in the case of films on copper oxide backings, the ring pattern of the oxide 
was obtained with the oil pattern superimposed upon it. From the pene- 
trating power of the electron beam, these films must have been about 
TOO A. in thickness. In all probability, the length of the chain carbon 
compounds present in the samples would be 40 A. and might be very much 
more. Thus it is seen that in the case of thin films of the lubricant, con- 
ditions approaching boundary lubrication— monomoleculax layers — were 
obtained. 

The backing generally used was either a copper block about l cm. 
square polished on 0000 emery paper or a similar surface oxidised by heat- 
ing. Similar blocks of lead, silver, nickel, steel and iron were also employed 
in the investigation of the ^ect of the baking upon the degree of onenta- 
tion of the molecules of the lubricant. 

Types of Pattern. 

The various types of pattern obtained by the reflection of a beam of 
fast electrons from long-<^ain compounds have been accounted for, both 
theoretically and practically, by Muriaon. In this work it is only neces- 
sary to consider three : — 

(a) Diffuse Rings or No Pattern, indicating a random arrangement of 
the molecules. (Figs, z and 2.} 

(b) Diffuse Rings with one or more spots appecuring on the second ring, 
indicating some onentation of the molecules. (Figs. 3 and 4.) 

(c) A straight line pattern with spots on the lines — the gresMe pattern, " 
indicating the complete onentation of the molecules. (Fig. 5.) 

Pattern (c) is given by substances such as vaseline, par^n wax, picein, 
etc. : hence the term grease pattern.'' If the long-chain moieties in 
a substance are all arranged p^allel to each other and normal to the 
free surface, but otherwise have a random distnbution, then each molecule 
will act as a scattering centre independent of the others, and it is seen 
the effects of the various molecules will be additive. From such considera- 
tions, Murison showed that the directions of maximum mtmisity of the 
radiation scattered by the carbon atoms lie on cones with the molecule as 
^xis. If the incident radiation is almost normal to the molecules, tlie 
angles of the cones are very large for the earlier orders and the curves cut 
the photographic plate in straight lines. The spots on the lines (Pig. 5) are 
explamed as due ico reflection from planes formed by carbon atoms as the 
molecules bec^e packed closely tc^^ether. The strong side spots on the 
second order line of the pattern were shown by Muriaon to arise from the 
no plane in the hydroc^bon structure with a spacing of 4*17 A. The 

« Munson, Phiis Mag,, Ssr, (7), 1934, >7» 
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more intense central spot, which always appears with the above side 
spots, is due to reflection from carbon atoms arranged in planes parallel 
to the surface, the distance between consecutive atoms in the molecule 
measured along the chain axis being 1*27 A. The spots from these planes 
will lie in the plane of incidence on the even<order lines and the more 
regular the packing of the molecules, the more numerous will be the spots 
appearing and, correspondingly, the leas mtense will be the lines. 

Pattern (6) represents an intermediate stage between the random 
arrangement of the molecules of pattern (a) and their complete orientatiem 
as in pattern (c). The spots which occur on the diffuse rings are the more 
intense ernes of pattern (f). In most cases only the central spot on the second 
order line is obtained. It is conceivable that pattern {b) may represent 
a thermal equilibrium position of orientation , the molecules, impinging 
on the surface of the backing and becoming oriented will tend to evaporate 
ofl into the overlying fluid, if the field of force at the interface is not suffi- 
ciently strong. The number of molecules onented m the steady state — t,e., 
when the number of molecules meeting the surface of the backing and 
becoming onented is equal to the number of onented molecules leavmg the 
interface,— will depend upon the type of molecule, the fields of force at 
the surface and the temperature. In pattern (a^, these are such as to give 
practically no onentation m the steady state 

Munsion has suggested that, in the case of a thin film, as a result of 
irregularities m the surface of the backing, some parts are only a few mole-* 
cules thick, and here the onentation extends to the free surface In other 
places, the film is so much thicker that the onentation, begmmng at the 
sohd-liquid interface, is gradually destroyed by the heat motions before the 
liquid-gas interface is reached The former region gives nse to the spots 
and the latter to the blurred rings. 

Experimental Results. 

The experiments were earned out with two sets of lubneating oils. 

The first set consisted of some fourteen samples, all mmeral oils except 
for one sample which was a vegetable oil contaming 97 per cent, castor oil. 
Two of the mmeral oils — Wakefields XXL and Aero Shell— contained about 
6 per cent, fatty oil 

A number of speamens of each sample were prepared on the same type 
of backing and diffraction pictures obtained Th^ was necessary owmg 
to the uncertainty in the thickness of the films. From the results an order 
of decreasing degree of onentation of molecule with the backing used could 
be deduced. 

It is well known that many lubneants, >vhen exposed to the atr, take 
up oxygen and become thick — a process techmealiy spoken of as " gum- 
ming.’* This change in viscosity may be scarcely appreciable when the 
liquid IB kept m bi&, but when it ts spread over a bearmg as a thm film 
e;iqM>8cd to the air it may rapidly become a sticky mass and cease to 
lubricate. 

This ready oxidation of a lubneant is a serious disadvantage* especially 
as the ninmng temperature of beanngs in machinery often reaches high 
values ; thus this often becomes the crucial test Icur a lulnicating oil. 

The Electron Diflfraction method provides a very sensitive test for any 
oxidation tendencies. It was found that spechnens of many samples showed 
a degree of orientation of their molecules which increased with the tune 
for which they were kept in the apparatus under a fairly high vacuum. 
At first, it was suspected that tap-grease vapour was condensmg on the 
qiocimen in the apparatus. As tap-grease shows a ** grease ’* pattern when 
pmmxed in thin film, if an oriented layer of the Up-grease formed on the 
iOflace of the oil under test» an increased offentation would be observed. 
II Hhs Up-grease mily dissolved in oil, the tendency of the mofecuka of 
the mixture to orienUte would be greater than before. This was demon- 
riiated by experiments made to investigate the effect of adding an oU or 
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solid grease, etc., the molecules of which were known to orientate strongly, 
to a sample of lubricant showing no orientation. It was found that the 
presence of a very small percentage of the orienting substance was sufB* 
cient to ensure that the mixture should show strong molecular orientation 
independent of the thickness of the him prepared. A second possible ex- 
planation of this time effect was that some lighter constituents of the 
lubricants were evaporating off leaving the longer chain compounds behind. 
As it has been observed by Hairdy ^ that orientation is more pronounced 
the longer the molecule, due to the greater lateral adhesion l^tween the 
chains, this again would account for the observed increase in orientation. 

That neither of these explanations was correct was demonstrated by the 
fact that the phenomenon was only shown by some oil samples, whereas, 
were the effect due to contamination, presumably it would have been shown 
by specimens of the majority of the lubricants ; and, again, it was found 
that the same changes of pattern were even more pronounced if the sped- 
mens, instead of b^g kept under vacuum, were stored in dust-free air 
for the same time. Under reduced pressure, any evaporation from the 
specimen would be greatly accelerate. 

The most noticeable instance of this phenomenon was observed with 
an oil which had been obtained by a “ crackine or destructive distillation 
process, and which was known to oxidise readily. The diffraction photo- 
graphs showed the transformation from pattern (a) or (6) to the complete 
grease pattern (c) within a few hours independent of the thickness of the 
film us^. This suggests that the surface layer of the lubricant becomes 
oxidised, and this oxidised layer orients itself on the surface of the oil giving 
the pattern (c). It is conceivable that this surface layer, in the case of a 
thick film of an oil which oxidises strongly may be several molecules thick. 

Although these observations are m^e under a normal vacuum in the 
apparatus, it must be realised that in general there is still a small quantity 
of air, and hence oxygen, present, accounting for the oxidation ol]^rved. 

It was found also with the '' cracked *' oil that on keeping a thick speci- 
men in a very high vacuum, no increase of orientation was obsinved over 
a period of some 24 hours. However, on increasing the pressure within 
the apparatus to atmospheric for a few hours, mrientation became apparent 
and a complete grease pattern was obtained, showing that the very low 
pressure prohibited or greatly reduced the of any change. 

In many cases it may be that the oxidation of the unsaturated hydro- 
carbons present in the lubricating oils proceeds in stages. Although there 
is some uncertainty as to whether these unsaturated compounds are open- 
chain, polynuclear or naphthenic, it is conceivable that, owing to the 
splitting of double or more complicated bonds in the oxidation process, 
there may be a tendency for one end of the molecule to become loaded with 
oxygen atoms before the other. As shown bv Hardy's work on the normal 
paraffins and related acids and alcohols, the addition of an — OH or — COOH 
group to the chain produces a remarkable increase in the lubricating power 
of the chain compound. This was explained by Langmuir by considering 
the chains as rods loaded at one end with the — OH or — CC>OH groups ; 
as the rods come into contact with a solid surface, those incident upon it 
with ^eir loaded end first tend to adhere for a much longer period than those 
meeting it with their unloaded ends. In this state of dynamic equilibrium, 
there are far more rods adhering by their loaded ends at any instant, and 
it follows that the molecular orientation will be more pronounced for the 
acid or alcohol than for the normal paraffin. 

If the unaaturated molecules in the oil become loaded at erne end with 
oTsygen atoms on cxpcMurc to the atmosphere, an increased molecular 
orientarion, as observed in these experiments, would be expected. Thus, 
after slight oxidation, it may be found that certain oils wiU act as more 
efificient lubricants owing to this increased moleculax orientation ; but, m 


• Hardy, Proc. JRoy. Soc,. 1923, ie8A« 
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practice, this fact can only be exploited if the lubricant shows no further 
tendencies to react with atmospheric oxygen under normal running condi- 
tions. For, as the oxidation progresses, a stage will be reached when rapid 
polymerisation takes place with subsequent transformation of the chains 
into rings, and the formation of complicated gummy substances. The 
following experiment illustrates the above conclusions : A sample of the 
“ crack^ *' oil previously mentioned was heated for 6 hours at a tem- 
perature of 200® C. in a test tube. At this stage, a thin film still showed an 
mcreasing orientation with time, showing that oxidation was by no means 
complete. The oil was now spread out in a thin film upon the surface of a 
large sheet of plate glass and kept in a warm atmosphere, free from dust, 
etc., for several days. The exposing of a large surface of oil to the oxygen 
in the air enabled further oxidation to proceed readily. At the conclusion 
of this treatment, a specimen prepared showed no orientation of its mole- 
cules on immediate preparation and no tendency for an increase in the 
degree of orientation with time. 

For naphthenic compounds, it must be remembered that the series 
vnth which we are here concerned — for example, present in 
Russian oils — are very much more unsaturated than the commoner series 
etc., whose properties are well-known. It seems probable that there 
may be chains formed on the rings, and these may be the deciding factor 
in the lubricating quality of ^he compound. A similar process to that 
suggested above would eventually result in these chains being absorbed into 
further complicated rings by polymerisation. It is well recognised that, in 
general, unsaturated ring compounds are very poor lubricants, so that little 
molecular orientation would be expected from these gummy polymers of 
extremely complicated structure and high molecular weight. Such a 
process as thb w'ould account for the lack of molecular orientation observed 
when an oil is kept for a long period exposed to the atmosphere before 
testing it. w^hether its unsaturated constituents be of the open-chain or 
ring categories. 

Analysis of Experimental Results (Table !»)• 

The most efficient boundary lubricants will be the oils showing a maxi- 
mum degree of orientation of their molecules when prepared in thin films, 
and little or no further oxidation tendencies. 

Amongst these wc may select the mineral oils to which have been added 
a small percentage of fatty oil to increase their ** oiliness," and also the two 
fnineral oils sp^ally prepared, one by Duckham, the other by the Silvertown 
Lubricants Limited. Both these oils are highly refined mineral oils, con- 
taining no antioxidants or dopes at all. The castor oU specimen should 
also an efficient boundary lubricant owing to its property of strong 
molecular orientation, but its tendency to oxidise rapidly suggests that this 
efficiency would quickly diminish. 

After the above must be classed the Russian oil group. In general, 
these oils, while showing only feeble orientation of their molecules, are 
unafiected by atmospheric oxygen, and would thus form useful lubricants 
for bearings which have to run for long periods unattended. The Cali- 
fornian and thin Pennsylvanian oils might also be included here. 

The Texan oil and the ** cracked *' Mineral oil Gg would act as very 
poor boundary lubricants owing to thrir seribus gumming tendencies. 

The Pennsylvanian cylinder oil is not included in the above classification, 
as the effect upon the orientarion of the molecules of keeping a specimen 
of the oil was unobaervable. 

It was also observed that the molecular orientation of the lubricants in 
thm films had little relation to their respective viscosity. For examf^, a 
thin film of Aero Shell (Spec. N») showed kss molecular orientation tban 
the Russian oil Bg, although it ww Uuc more viscous. Oils of approxi- 
mately equal viscosities alw) showed large disorepandes in orientating 
properties. 
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TABLE I. — Experimental Observations. 


oa. 

Type. 

Specific 

Gravity. 

Molecular Orientation. 

Effect of Time on Orientatioo. 


Mineral, 

Russian. 

0-915 

Very slight : trace of spot on 
second ring occasionally obtained 
with thin films. 

Slight increase: a ring patteni (a) 
showed a spot (pattern b) after 3 days, 
but no tendency to give grease pattern 
on further keq>ing. 

B, 

Mineral, 

Russian. 

•9x0 

Some <x4entatioii : ^X)t on second 
ring pattern (fi) obtained strongly 
with thin films. 

Well-marked incrctie : after 20 days, 
complete grease pattern obtained. 
Some increase in orientation notM 
within S4 hours. 

Cf 

Minentl, 

Russian. 

•905 

Veiy slight : trace of spot on 
second ring occasionally obtained 
with thin films. 

None: alter 8 days, no increase in 
orientation obser\'f!d. Oil has tendency 
to evaporate. 

D,. 

Mineral, 

Russian. 

•896 

No orientation at all. 

None ; no increase m onentatkm on 
keeping thm film specimen 6 days. 

E,. 

Mineral, 

Californian. 

•936 

No orieDtation at all. 

No increase in ortentaiioo on kaeptog 
specimen 36 days in air. Tendency of 
oil to evaporate adds to the difieolty erf 
obsm^aikm. 

Fi. 

llffieral. 

Texan. 

•940 

Slight : approximately one thin 
film specimen in three sho^'ed spot 
on second ring. 

Very marked increase 1 compHe 
grccise patteni obtained on ke^ng 
sj[)edraen ; days in air. 

Gf 

Mineral, 

cracked. 

•916 

Some orientation : majonty ui 
spedmens prepared showed the 
spot on the seomd ring; tome 
gave grease pattern. 

Very marked increase : grease patteni 
obtained from all speciment, indepen- 
dent of thicktiess, within a few hours. 

H, 

Mineral, 1 

Pennsylvanian | 
ithin). j 

•865 

1 No orientation at all. 

Slight increase : spot <^huined on 
second ring after 1 3 days but no tendency 
to give grease pattern on further kee|ijn|[. 

I,. 

Mineral, j 

Pennsylvaniaa \ 
(cylinder). j 

•885 

Complete orientation shown by all 
spedmens. 

Unobservable as grease pattern aiwa>’s 
initUUy obeeivwd. 

Ji- 

Vegetable | 

(97 per cent. [ 
Castor Oil). 
MobiloU R. 

! 

( 

j 

1 

Cmnpktf orientatioD gisnerally | 
shown by thin films : alwi)’S some | 
orientatiw obtained. 1 

Well marked : thin film showing spot 
oneiiution (patteni fi) gives a grease 
pattern after 3 da>-i. Tbickar nlm 
de\’flopa t|>ot orientation Ikhbi raotk^m 
anangeoimt within b da^s, 


Mineral + 6 
per cent, fatty 
oil. Wakefield 
XXL. 

( 

Complete orientation fencrally 
shown by thin fiists : always scene 
orientatkm obtained. 

Extremely slight : spot orientatioo 
(patteni 6) given by a spectmen showed 
little tendency to Unprow during ai 
days in an. 


Mineral, Spec. 

Ko, DTD 109 
(Duckham’s). 


Some orientation : ill spedmens 
showed spot on second ring (patteni 

b). 

None : thin film kept 27 days ahowtd 
no locrease in octmUtion of motocsikw. 
Tlikk film shows no orknUUoa at all 
after 6 days in afir. 

M,. 

Mineral, Spec. 

No. DTD 109 
(Silvertown). 


Some orientatkm ; all spedmeiis 
gave patterns ihowmg at least one 
spot on the second ring. 

Slight: thicker film gave spot on 
second ring on keeping fi days^ bvf ^ 
further improvement alter another 8 
days in air. 

NV 

Mineral 6 per 
cent, fatty oi}. 
Aero shell. 


Slight : about half the spedmens 
gave patterns showing spot on 
M-oond ring. Thick films gave litUe 
orieiitation at all. Oil has tend- 
ency to et-aporale. 

Markad Incxeaae : thin film sparimw 
giving psUtem showing spot on aaoond 
ring, showed complete orientation after 
X4 days in air. 
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With one or two exceptions, the results of the investigation of the 
lubricating properties of this set of oils are in good agreement vrith the 
results obtained in practice. In practice the oil £t was found to oxidise 
more seriously than the members of the Russian group. In the Electron 
Diffraction anal3r8is, no oxidation of E, was observed, although its tendency 
to evaporate may have masked the observation of an increased orientation 
with time. 

The second set of samples which were mainly commercial products, 
was found far inferior to the first set as regards orientation of molecules. 
However, the main conclusions drawn from the previous observations were 
further supported. One specimen, a motor oil of unknown origin which 
had proved unsatis f actory in practice, was found to show a very marked 
increase in molecular orientation on keeping. This oxidation was probably 
the cause of its inefficiency. Two specimens of Mobiloil BB (not clearosol 
treated) were tested. One was an unused sample, the other a sample which 
had been employed in a friction machine for 50 hours, during which period 
it had been oxidised by air at 160® C. The former showed an increasing 
orientation with time, the latter not so, supporting the c^lier observations, 
since in all probability the u.sed sample w'as completely oxidised after the 
above treatment. 

Once again the agreement between the Electron Diffraction analysis 
and the results obtained by friction machine tests was very good. It is 
found easy to pick out the inefficient lubricants by the Electron Diffraction 
method, but, owing to its entirely qualitative nature, very difficult to dif- 
ferentiate between specimens which are approximately of equal efficiency. 

Presence of Wax. 

The addition of a very small quantity of a strongly orientating substance 
to a mineral lubricating oil was found to result in a mixture which always 
showed far stronger molecular orientation than did the lubricating oil alone. 
It was found that on adding a film of oil which showed no molecular 
orientation to a film or layer of grease showing complete orientation, the 
oil took up the grease and formed, in general, a homogeneous liquid mixture, 
which still showed strong molecular orientation. This was found to be so 
independent of the amount of liquid oil which was added to the grease, as 
previously explained. 

In particular, it was found that the addition of a very small quantity 
of paraffin wax to a lubricating oil resulted in a marked increase in the 
resulting molecular orientation. This fact suggested that the molecular 
orientation of oils known to contain paraffin waxes, was due to the wax 
content. To test this view, two samples of oil were obtained, one of which 
was known to contain a very small percentage of paraffin wax, and the 
other the same oil with the wax removed by treatment with acetone. It 
was found that spot orientation (pattern 6) could be obtained with the 
first when spread in a thin film on appropriate backings, but that no 
orientation at all could be obtained from the specimen from which the 
wax had been removed. These experiments seem to confirm the above 
conclusion. 

Discussion. 

The constituents of the lubricating fractions of mineral oils consist 
chiefly of compounds of the general fi>rmulae to Of the 

above hydrocarbons, those of the general formula ^ recognised 

as giving the lowest coefficient of friction as well as the greatest durability. 
This is illustrated to some extent in the case of the two Pennsylvanian oil 
samples tested. The heavier oil, which contains a greater proportion of 
compounds of the general formuise CuHttr-t an4C,iH^.4 wsls found much 
supc^r as regards molecular orientation to the lighter oil, the chief 
(^nstituents of which are compounds of the general formula QH,* and 



6i4 orientation OF MOLECULES OF LUBRICATING OILS 


The Texan petroleums (density o*94>o*96) are, in general, more un- 
saturated than the Russian petroleums, due to the presence of compounds 
of the general formula CnH,^-^*. Such compounds would be expected to 
possess great chemical activity. Prolonged reaction with atmospheric 
oxygen results in the formation of oxidation products which are, in general, 
gummy substances and useless for lubricating purposes. Such an oxida- 
tion was actually observed with the specimen of Texan oil under test. 

The effect of the addition of a small percentage (2 per cent.) of oleic 
acid to a mineral lubricating oil seemed to be to reduce subtly the rate of 
increase of molecular orientation on keeping the specimen in air. 

The explanation of the occasional lack of agreement between the results 
obtained in the present investigation and in practice, may be in the fact 
that the oils are tested under rather different conditions of temperature in 
the two cases. In modem machinery, under boundary lubrication condi- 
tions, the temperature of the bearing is often ioo**-i5o® C., and may be 
higher, whereas, in the electron diffraction experiments the tests are carried 
out at room temperatures. 

Effect of the Backing. 

The frictional resistance of a bearing is due to what may be termed the 
' unctuous '' nature of its surface ; for each metal tested for slipperiness 
against itself, without any lubricant, gives a distinctive coefficient of static 
or boundary friction. 

In order to test whether the backing upon w'hich an oil film was pre- 
pared influenced in any way the degree of orientation of the molecules, a 
number of blocks of different substances, mainly metals, was used. All the 
blocks were polished on 000 emery, and in every case a thin film of the same 
mineral lubricating oil was used as giving the most instructive indication of 
the orientation on the metal surface. For, in the case of an oil or grease 
whose molecules orientate readily, a ** grease pattern is obtained by 
electron diffraction independent of the backing used. On the other hand, 
with oil specimens w'hich in thin fUms show a spot on the second ring (as 
did the mineral oil u.sed in this investigation), the effect of the backing can 
be investigated, since, as the orientation at the oil-air interface is slight 
compared with that at the metal-oil interface, the possibility of the 
orientation of the molecules persisting to the free .surface depends almost 
entirely upon the degree of orientation at the metal-oil interface. 

TABLE U. 


Backing Used, 


Experimental Observation 
(thin fflm of lubricant). 


Clean copper. 

Oxidised copper (CugO). 

Steel. 

Tarnished steel. 

Swedish iron. 

Slightly oxidised, Swedish iron (a-Fe, 0 *). 

Nickel. 

l^ad. 

German silver. 


No orientation. 

No orientation. 

Orientation (spot on second nng). 

No orientation. 

Slight orientation (spot on second ring) . 
Orientation (spot on second ring). 

No orientation. 

No orientation. 

Slight orientation (spot on second ring). 


Thus from the results shown in Table II., it is observed that iron, 
steel and german silvei are the more suitable for use with the mineral 
oil lubricant in question than the other materials tried : thus iron, steel 
and german silver are the more "unctuous 

Experiments with pure substances as lubricants have shown that the 
more " unctuous " the metal forming a bearing, the lower will be the fric- 
tion obtained with any particular lubricant. Thus iron, steel and german 
silver should be elffcient bearing materials. In practice the best materials 
are mild steel, cast iron, and the white metals. 
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Corrosion of Metals by Oils* 

A number of experiments were carried out upon the corrosion of metals 
by oils, an attempt being made to identify the nature of the corrosion pro- 
ducts by Electron Diffraction. 

In this investigation, the procedure was to immerse a metal surface 
polished on ooo emery completely in the oil to be tested in a test tube. 
The whole was then heated in an electric furnace to a temperature of about 
250® C., the state of the surface being investigated by inserting the specimen 
in the apparatus after, say, ^ hour, 3 hours, and 12 hours. Prior to the inser- 
tion of the metal, the furnace was switched off and the whole allowed to cool 
to room temperature. The metal block was then removed, washed in ben- 
zene and ether to remove any residual oil on the surface, and an electron- 
diffraction picture taken. In this way, provided an initiid picture is taken 
of the met^ surface before the commencement of the experiment, the 
gradual contamination of the surface can be investigated. 

A number of different metals, including copper, chromium, nickel, iron 
and steel were used both with a mineral and a fatty oil. It was found that 
after a period of 15-30 minutes heating in the oil at 250^-300® C., the 
initial ring pattern of the polycrystalline metal gave place to a new sharp 
ring pattern either of the oxide alone, or of the oxide and the metal. In 
the case of iron, the new pattern was of a-ferric oxide (a-Fe,Oi), while for 
nickel and chromium, rings of Doth oxide and metal were generally present. 
Copper showed a pattern of cuprous oxide (Cu, 0 ) when the metal was 
heated in the vegetable olive oil. but an unidentifiable pattern when heated 
in a mineral oil. This substance, which was not cupric oxide, nor the third 
copper oxide discovered by I'homson and reinvestigated by Murison. had 
the following set of spacings : 

3 28 W: 2*41 W: 1-92 S: 1*67 S: 

(unresolved doublet). 
i i6 S : I-I2 W : 0*96 M 

There is little likelihood of there being any copper rings present as the strong 
V3 ring, with a spacing of 2*11, does not appear. 

There was difficulty also in identifying the new pattern obtained with 
steel heated in a mineral oil. The patterns obtained in this case were poor 
and indistinct, due to much background scattering. In all probability, 
the pattern was due to oxides and metal together. 

As in many cases the patterns of both the metal and the oxide appear, 
the layer of oxide must definitely be less than 10 cm. thick. 

On further heating the specimen in the oil and re-investigation of the 
surface by electron diffraction photographs, it was found that there was no 
further change in the ring pattern, but the background intensity increased 
until after a period v^ing from 5-10 hours for different metals, only the 
strongest rings of the initiid pattern remained visible. 

It was found that if the metal was heated in the oil for much longer 
periods — 50-60 hours for example — the sharp ring pattern was completely 
suppressed and diffuse rings appeared on the plate, showing a random 
arrangement of molecules of impurity, greater than 10 cm. in thickness, 
present upon the surface. If the specimen was now kept in benzene for 
several days, it was found that the diffuse ring pattern disappeared and 
the original sharp rinj^ began to appear in the still intense background. 
Fig. 6 shows the init^ pattern for a chromium surface and Fig. 7 the 
new pattern after 60 hours* heating. 

Thus from these experiments we can conclude that the main cause of 
corrosion is the accumulation of an amorphous layer, probably of some 
organic substance, upon the surface of the metal. The corrosion was found 
to be more serious for an oil which had been used for a long period before 
this experiment was carried out than for the same oil previously unused. 
This suggests that the organic compound concerned may be some gummy 
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oxidation product. No marked difference was observed in the behaviour 
of the mineral and vegetable oils in this respect. Of the metals* chromium 
and nickel, in general, seemed to suffer less seriously from the corrosion 
effect than did the iron and steel. 

Summary. 

An electron diffraction method for investigating the molecular orienta- 
tion and hence the boundary lubricating properties of lubncatlng oils is 
described. The results obtained are found to be in reasonable agreement 
with those actually obtained in practice. In the process of the experiments, 
some of the commoner defects of lubricants, such as oxidation and cor- 
rosion, are also investigated. 

In conclusion I would like to express my gratitude to Professor G. P. 
Thomson for suggesting the research, and for his kindly interest and 
encouragement during its progress. 


THE MECHANISM OF COAGULATION BY 
ULTRASONIC WAVES. 

Bv K. SoLLNER and C. Bondy. 
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1 . 

When emulsions are produced by ultrasonics, their concentration 
quickly reaches a limiting value.^ This cannot be explained by spon- 
taneous coagulation going on in these emulsions, since it is too slow ; ' 
one is dealing with a specific coagulating action of the ultrasonics. 

This coagulation is not due simply to the strong movement of the 
liquid when irradiated, though such an action h;is to be taken into 
account to a certain extent,* for unprotected emulsions of mercury or 
toluene are markedly destroyed by vehement shaking. 

Tlie follow’ing experiments show that the existence of a limiting 
value must be attributed to a special mechanism of coagulation ; it is 
the interaction between the emulsifying and coagulating action of the 
ultrasonics which is responsible for the final concentration of the emulsion. 

Since the fundamental difference between the mechanism of emulsifi- 
cation of mercury' and that of organic liquids (** oils *’),* becomes again 
apparent, they may be treated separately. 


2 . 

In mercury emulsions the coagulation effect may readily be separated 
from that of emulsification : two test tubes containing 0-5 c.c. Hg + 5 c.c. 
H ,0 are irradiated till the limiting ^ue is reached (thirty seconds and 
115 mA., as strength of the current entering the secondary circuit).* In 
the one tube the i^ueous emulsion is separated from the bulk of mercury 
and irradiated again for thirty seconds ; the macroscopic movement of the 

* C. Bondy atid K. Sdllner, Trans. Faraday Soc., 1936, 556, 

A. Boutaric and J. Bouchard, Butt. Ckim. Sac. Frame, (4), 193a, 

543 ; cf ZeniraMaU, 1932. 11 , 2024, » 

* C. Bondy and K, S^ner, Trans. Fearaday Soc., 1935, 31^ B35, S45, 
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liquid was not nearly so strong as when the latter was shaken vehemently. 
As soon as the coarse particles had settled (two minutes after the irradiation 
was stopped), the concentration of each emulsion was determined : the 
one which was irradiated a second time was transparent, light grey and 
contained only 0*8 g. Hg per litre ; the other was opaque, black and con- 
tained 5*9 g. Hg per litre. 

G>agulation by ultrasonics proceeds in the aqueous phase. Emulsifica- 
tion, however, as has been shown,* proceeds in the surface of the bulk of 
the mercury, where thin films of the metal are lifted up and dispersed. 
Hence the amount of Hg must be sufficiently large if emulsification is to be 
observed at all. 

The limiting value of concentration — using high energies (100 mA. and 
more) — is 6 g, Hg per litre, 30 mg. in 5 c.c. and is reached after thirty 
seconds irradiation. If small amounts of Hg of this order of magnitude 
(2 to 30 mg.) are added to 5 c.c. H ,0 and irradiated for thirty seconds 
or even much longer, practically no emulsification is observed ; the aqueous 
phase is just slightly turbid, the opacity increasing with the amount of 
mercury used. Strong emulsification does not occur till 100 mg. and more 
of mercury are added ; the emulsions are then opaque and greyish black, 
although le.ss dense than those prepared in the presence of larger amounts 
of mercury. If small amounts of Hg (5 to 50 mg.) are added to a concen- 
trated emulsion, which has been separated from the bulk of the metal, and 
these systems are irradiated under the conditions mentioned above, then 
the emulsions are coagulated practically as strongly as in absence of mercury 
in bulk. 

Coagulation depends upon the volume of the aqueous phase : less 
mercury' is coagulated, if the volume of the aqueous phase is smaller. 
If a given amount of Hg is irradiated in I c.c. HjO instead of 5 c.c., the 
emulsion becomes more concentrated.^ 

We must therefore distinguish between the locus of emulsification, 
a thin layer 5 at the interface between mercury’ and w’ater, lying mainly 
in the interior of the bulk of the metal, ♦ and the locus where only coagula- 
tion and no emulsification lakes place, i.e. the aqueous phase of the 
emulsion /. With increasing s the average concentration of the emulsion 
increases, %vith increasing I it decreases.* 


3 . 

Emulsions of toluene (and other oils) seem at first to behave quite 
differently. If such an emulsion (produced by ultrasonics) is separattnl 
from the l)ulk of toluene, and then irradiated once more for thirty seconds 
(or even much longer) under the same conditions, no coagulation takes 
place ; the emulsion has exactly the same properties as one prepared by 
a single irradiation. This difference in behaviour between “ oil and 
mercury emulsions is readily understood, when it is remembered that 
the mechanism of emulsification is quite different with oils.” — Here 
emulsification is caused by cavitations occurring at the interface of the 
two liquids, and there is no need for coherent masses, as with mercury, 
so that any small amount of toluene may be emulsifi^, as is proved by 
the following experiments. 

* W. T. Richards. /. Am, Clum. Soc„ 1919. 51, 1724 ; C, Bondy and K, 
SOllner. loc, cii., p. 843. 

* s does not neo«nartly increase indefinitely urith an increasmg quantity of 
mercury. On the one hand too lar^ a metal mass may damp the vibrations ; 
on the other hand only those parts 01 the metal act as ^ where the water is driven 
into it, t.s. mainly a ring-shaped cone round the meniscus. C/. * and H. B. Bull 
and K. SOllner, KoU, Z., 1932, 6o« 263. 

22 
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As mentioned in a previous paper, 4 per cent, toluene (this being the 
limiting value) are emulsified in less than thirty seconds using an energy 
corresponding to 115 mA., i.e, 0-2 c.c. toluene in 5 c.c. H,0. If different 
amounts of toluene (between 0'05 and 0*6 c.c.) plus 5 c.c. H|0 are irradi- 
ated with 1 15 mA. emulsification sets in directly; after thirty seconds 
the samples containing 0-2 c.c. and more of toluene are equally opaque ; 
in those containing smaller amounts opacity decreases proportionally to 
the amount added. With 0*2 c.c. toluene and less no external phase (or 
large drops) are observed, after irradiation, as is the case with more than 
0*2 c.c. toluene.* This behaviour remains the same, irrespectively of 
whether the liquid wets the walls of the tube. The result is substantially 
the same, if water is emulsified in toluene. 

Under the conditions of these experiments (a few c.c.s of liquid, normal 
test tubes and high energies) the locus of emulsification and coagulation 
are identical. In order to separate them, one must change either the shape 
of the vessel or the energy applied. 

If instead of ordinary test tubes, in which the liquid is almost entirely 
surrounded by the vibrating oil fountain, a long tube (e.g. 50 cm. long, 
I cm. wide) is used, coagulation may readily obser\^ed : the tube is 
filled with a 4 per cent, toluene emulsion up to a height of 35 cm. and is 
dipped with its low^er end into the oil fountain (energ>' 115 mA.). Almost 
immediately more or less regular, more pronouncedly whitish zones ap[>ear 
in the lower and middle p^ of the tube (Fig. i).’ In these zones the 
droplets of the emulsion are accumulated. They soon form larger drops 
which may be seen rising to the surface, if the tube is taken out of the 
fountain for a moment. During irradiation these larger drops arc, at 
first, retained at the level of their formation. Shortly afterwards on 
growing larger they jump from one zone to the next, thus forming gradually 
a coherent layer of toluene on the top of the liquid. In the ranges lying 
between these zones of accumulation the concentration of toluene is 
markedly reduced. If the irradiation is extended for some minutes, the 
liquid in the low^er and middle part of the tube becomes transparent, 
containing only small amounts of toluene. But the top p>art of the liquid 
to a range of 10 to 15 cm, never becomes quite clear, this range, of course, 
being smaller at lower energies (Fig. i) close to the always violently moving 
inteiiace water/toluene there is always a dense emulsion. 

If the same experiment is done with water filling the tube to a height of 
35 cm. and covered with a few drops or c.c.s of toluene, emulsification at 
once takes place close to the strongly agitated interface ; below the latter 
to a range of several cms. the a<jueous phase contains large amounts of 
dispersed toluene, the concentration being practically zero xo or 15 cm. 
below the interface water /toluene. In both experiments the final stationary 
state after prolonged irradiation is identical. 

Substantially the same results are obtained with an organic liquid 
heavier than water ; e.g. in an emulsion of nitrobenzene zones of accumula- 
tion occur in the lower and middle part of the tube, (leading to a rapid 
decrease of concentration in these parts, which is much slower near the 
violently moving surface), and a range of emulsification close to the inter- 
face nitrol^nzene/water at the bottom. If a few c.c.s of nitrobenzene arc 
covered with a tall column of water, again emulsification takes place only 
close to the interface. If some nitrobenzene is brought on the top of a taU 
column of water, the latter being irradiated, the nitrobenzene is first 

*Oi course primary emulsification is quicker with more toluene up to a certain 
limit. There is a larger interface, where initial cavitation may occur. Neverthe- 
less, with high energy as well as with small amounts of toluene the stationary 
stete IS reached in thirty seconds. — When once emulsified, the presence or absence 
of a surplus of oil " h^ no importance at all. 

’ To obtain a better photogpiph a column of emulsion only about 14 cm. Wgh 

used here, and correspondingly a somewhat lower energy was applied. The 
oil fountain is to be seen at the bottom. 
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emulsified close to the surface water /air ; emulsification stops almost 
entirely whilst the organic liquid is sinking through the middle part of the 
tube, but takes place again, as soon as the nitro-benzene reaches the 
bottom, where it dips into the fountain. 

In this way it was possible, though not very completely, to separate 
the locus of coagulation from that of emulsification. Where zones of 
accumulation appear coagulation occurs ; where their formation is pre- 
vented by vehement movement of the liquid, emulsification and coagula- 
tion counterbalance each other. Movement is specially strong close to 
a surface or to an interface between two liquids ; it is adversely affected 
by too small an amount of the second liquid. Thus very favourable! 
conditions for emulsification prevail, when the more usual test tubes and ! 
amounts of liquids are utilised. 

It is obviously not the amount of energy entering the system which 
is decisive for the different bt^haviour in the locus of coagulation and that 
of emulsification. The main point is that zones of accumulation can be 
produced. 

This phenomenon becomes the more conspicuous, also in short columns 
of liquid, if narrower tubes are used ; in narrow tubes the effects of stirring 
and of eddies are strongly reduced. These effects are due, at the bottom 
of the tube, to an irregular admission of the energy transferred from the 
oil fountain, quite generally to irregularities of refraction and reflexion 
at walls and surfaces. Clo.se to the latter such irregularities prevent the 
formation of well-defined, constant stationary waves, which produce the 
visible accumulation. 

These stationary wavc.s in the liquid are obviously the cause of the 
accumulation of droplets, a phenomenon identical with Kundt’s dust 
figures.* In such a zone coagulation takes place, in part owing to the 
much higher concentration, in part owing to a kind of ortho-kinetic 
coagulation : • drops of different size moving with different velocity, 
thus colliding and coalescing. 

These results may be confirmed by experiments with low energy. If 
a long tube containing a column, 30 to 35 an. high, of a 4 per cent, toluene 
emulsion is dipped into an oil fountain of 40 to 50 mA,, zones of accumula* 
tion appear s<x>n, large drops are formed and rise up to the surface, and 
after a few minutes the aqueous phiise is covered with a coherent layer of 
toluene. This experiment is distinguished from the one performed with 
higher energy only in $0 far as the whole process occurs much more slowly 
and as the zone of coagulation extends practically up to the surface, the 
latter being only weakly agitated. If a tall column of water covered with 
a layer of toluene is treated with ultrasonics of the same low energy, very 
slight changes occur after an irradiation of several minutes : the thin layer 
of water between the toluene and the glass, initially covering the glass 

• It has long been known that suspended particles are driven together by 

stationary sound waves. ((7. A. Kundt and O. Lehmann, v 4 «h. Pkystk, {Pogg^n- 
do#), (1^74), 153. I ; K. Ufirsing, Pkysik, (IV.). 1908. ag, 227.) Boyle and 
co-workers {cf. r.g. K. W. Boyle. Science Process, 1928, 75) have described 

this phenomenon with ultrasonics. A fioccuiation of solid ]^rticles was men- 
tioned by H. W, Wood and A. L. Loomis {Phil. (7)» 4 ^ 4*7^ the coagu- 

lated material being driven to the surface by radiation pressure.** 

N. Marinesco (C.i?., 1932, 194, 1824) shortly describes a similar eflecl due to 
stationary waves, after E. Kewton Harvey {Biol, Bull,, 1931. had de- 

scribed the same for gas bubbles. A first account of our own work on this subject 
was given by H. Kreundlich {Technical Aspeds of V London. 1935). 

• P. Tuorila. KoUouickem, Beikefie, 1927, 34, 1, 27 ; G. Wiegner, J, Soc, Ckem. 
llUlHtt.. 1931, SO, 55 
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surface, is emulsified in the toluene and a water layer just below the 
interface of the two liquids becomes also slightly turbid. 

By reducing the energy still further, zones of accumulation may also 
be produced in short columns of liquid contained in normal test tubes, 
and energy ranges may here also be readily found where upon irradiating, 
coagulation occurs but no emulsification. 

^ The energy of ultrasonics must exceed a certain value in order to 
pave an emulsifying effect upon mixtures of organic liquids and water, 
teelow this limiting value weak ultrasonics only have a coagulating effect 
(on oil emulsions. Thus the coagulating action may be isolated. When 
u.sing high energies dispersion and coagulation cannot be separated from 
each other close to surfaces or interfaces, where the movement is too 
vehement, since cavitation is obviously favoured here, thus increasing 
the movement still more and making it more irregular. Coagulation 
may become visible in the interior of the liquid, where fairly constant 
zones of accumulation can be formed. In the ranges close to surfaces 
and interfaces, however, coagulation also proceeds, zones of accumulation 
being produced irregularly as to space and time ; the same forces act 
here upon the particles as in other cases but the high local concentrations 
so favourable for coagulation are not attained. 

All this may be confirmed by a third method of separating coagulation 
from emulsification. If an emulsion in a long tube is covered vdth a tall 
column of a liquid of smaller specific gravity and an external pressure is 
applied by means of compressed gas, cavitation, and therefore emulsifica- 
tion is prevented, whilst coagulation still proceeds. This latter process is 
again favoured by the formation of stable zones of accumulation, i.e. high 
concentration. 

In these zones, furthermore, the coagulated material is retained, since 
it cannot cream up or settle down, thus forming excellent centres of coagu- 
lation for other smaller droplets. If more or less regular and stable station- 
ary wave patterns are not formed, the coagulated material creams readily 
up or settles down or is, as a rule, driven to the surface by " radiation 
pressure,’' 

Now it may ca.sily be understood that the coagulation by ultrasonics 
of mercury emulsions is not essentially different from that of oil emul- 
sions ; it is only somewhat simpler, the disturbing effect of cavitation 
being excluded. If a long tube containing a mercury emulsion is dipped 
into the oil fountain, regular stnations of mercury soon appear on the 
walls of the tube, provided that the latter is lying in a position al>out 
horizontal. 

As was to be expected, with mercury emulsions the disturbing in- 
fluence of surface.s is not nearly so distinct ; firstly cavitation cannot 
bring about re-emulsification of already coaIe.sced mercury suspendeti 
in the liquid ; secondly the coagulated material settles down somewhat 
quickly, being too heavy to be kept in suspension in the liquid by station- 
ary waves. 

Ultrasonics cause coagulation in suspensions just as in emulsions. 
The analogy is so obvious that it hardly needs a separate treatment. 
It can be shown very’ impressively when irradiating a very unstable sus- 
pension (e.g. that of quartz in some organic liquids). When irradiated 
under suitable conditions the dispersed phase is coagulated at once. 

^'^This readily explains why, with low energies, low maximum concentra- 
tions are found, C/ C, Bondy and K. SOliner, he. cU„ p. 556, Table 11. {a), 

Cf. e.g. W. R. Wood and A. L. Loomis, ioc. ci$. •. 
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4 . 

Cleax stationary wave patterns produced by ultrasonics in a liquid may 
be investigated most successfully with the following device : the emulsion 
(or suspension) is filled into a thick-walled capillary which is slightly 
U-shaped in the middle ; this part is dipj^d into the oil fountain, the two 
ends protruding horizontally sideways (Fig. 2). Thus one may avoid the 
very disturbing strong changes in concentration due to creaming up or 
settling down close to the meniscus. If high energies are to be applied, it 
is advisable to make the l^-shaped part in the middle out of a thin-w^alled 
glass tube, so that more energy may be transmitted to the liquid. As 
the liquid may be throwm out when irradiated and as the striations are 
disturbed by too vehement a movement of the meniscus, the opening of the 
capillary may suitably be stopped with piceine, leaving a short air gap as 
buffer between the stopper and the meniscus. As dissolved gases are 
always partially driven out from saturated solutions,^* it is advisable to use 
liquids which are not fully saturated with gas, since otherwise gas bubbles 
are formed, which^ by jumping from one node to the next, disturb the 
regular arrangement of the striations or, if large, interrupt the sound trans- 
mitting column of liquid. 

Such a capillar\*. then, is filled with an aqueous emulsion of benzene, 
toluene, etc., and irradiated. The stationary waves cause immediately or, 
with low energy, in the course of some seconds the formation of Kundt’s 
dust figures (Fig. 3A). With increasing time of irradiation the zones of 
accumulation become much sharper. I'nder favourable conditions thin 
disks with a well-defined boundary seem to stand upright in the liquid. 
The distance between two stripes is A/z, A being the wave-length calculated 
from the fretiuency and the sound- velocity in the liquid. The first stripe 
is found at a distance of A '4 from the meniscus (cf. Fig. 3A), t.f. at a node, 
the meniscus alwat*^ being the locus of an antinode. 

If exactly the same experiment is done with emulsions of nitrobenzene 
or mercury, or with a suspension of quartz, the first stripe lies at the 
meniscus itself, the next at a distance of A/2 from the meniscus, i.e, at the 
anti nodes (cf. Fig, 3Bj. So far as these experiments have proceeded, 
accumulation in aqueous systems occurs at the nodes if the dispersed 
substance is less dense than water ; and at the antinode^s if it is denser 
than water or the aqueous solution used. The mechanism of accumulation 
and coagulation is obviously the same in both cases. 

This phenomenon is remarkable from a theoretical point of view%** but 
as It does not so much concern the coagulation of emulsions, it need not 
be discussed here in detail.** The follow^ing experiment, however, deserves 
mention ; in an aqueous system containing pajticles both denser and less 
dense than water, ultrasonics may separate the two kinds of particles from 
each other. This is showm in Fig. 3C for a mixture of an emulsion of 
toluene and a suspension of quartz ; this figure is evidently produced by 
a superposition of Figs. 3A and 3B. Stripes of toluene and of quartz 
alternate with each other, the distance lietween a stripe of the one and the 

**cy, f.g. E. Newton Harvey, Uk. ril. •, R, W. Wood and A. L. Ux)mis, loc. 
at , •. and W, T. Richards and A. L. Loomis. /. Am. CAem. Soc., 1927, 49« 3086, 
Cf, e.g. L. V. King, Proc. Roy. Soc., 1934, i47A, 212. 

** One may assume that the decisive factor is not the differences in specific 
gravities ; it may be some closely related fnnetton, which takes into account also 
tlic different sound velocities, (C/ preferably the work of R, W. Boyle and co- 
workers : R. W. Boyle, Nuture, 1928, 55 ; SciofUt Prognss, i9i^» 31 * 75 ; 

R. W. Boyle and D, K. Froman, Ceiuuf. J, Res,^ 1929, 405 : R. W. Boyle and 

T. F. Ijehmann, Physic. Rev., (a). 1926, 37* 5x8 ; Trtms. Roy, Soc. Canada, (3), 
1927, at, 115 ; Canad. J. Res., 1930. l, 49*. and other papers),— For the formatioii 
of the stationary wave patterns the visoosity of the medium of dtxpexston and 
vortex motion in the latter seem to play a role, w^htch can hardly be altogether 
neglected. Cf. E, N. da C, Andrade, Science Progress, 1932, J7, I.. 73. 
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other being A/4. Toluene and quarta are readily distinguished by the fact 
that the former creams up, the latter settles down.** 

These results also prove definitely that we are dealing with stationa^ 
waves in the liquid itself. It is possible to calculate the sound velocity in 
the liquid correctly from the known trequency of the waves and the wave- 
length determined from the distance between the stripes. 

The accumulation of dispersed substance at the nodes or antinodes is 
strongly influenced by the size of the particles, as is shown by the following 
experiments : three capillaries having the same dimensions were filled 
with suspensions of quartz (concentration about 3 per cent.). The quartz 
powder had been roughly fractionated. The capillaries contained particles 
with diameters between 4 and 10 i and 4 and below i resp^tively. 
On irradiating with medium energy the wave patterns are formed immedi- 
ately with the largest particles, the liquid between them being free from 
particles ; with the particles of medium size it takes a few seconds for the 
space between the striations to become practically free of particles, many 
seconds for the striations to become somewhat narrow and a still longer 
time until the pattern looks like that in the first capillary. In the third 
tube zones of diminished concentration appear after several seconds, zones 
of a certain accumulation are to be seen after a minute, but even after 
thirty minutes the whole pattern is blurred. In suspensions containing 
particles of some tenths of a the effect is still less distinct. In truly 
Icolloidal solutions with our wave-length, they have so far not been obtained 
|at all. But if by coagulation with electrolytes large secondary particles 
are formed, the latter may be accumulated on irradiation. 

The forces — one may call them “ radiation pressure ” — due to the 
diffraction of sound energy by the individual particles must be con- 
sidered to be the ultimate reason for the coagulation by ultrasonics. 
These forces invariably cause a kind of ortho-kinetic coagulation and, 
when stationary waves occur, build up the zones of accumulation, which 
for several reasons (those we already know arc mentioned above) so 
decidedly favour coagulation. 

The coagulation process was investigated under the microscope using 
a somew'hat wider capillary. Ereshly prepared oil and mercury emulsions 
are markedly heterodisperse. On irradiation the coarser jiarticles are 
rapidly accumulated at ^e nodes or antinodes ; the smaller particles need 
a mucii longer time. One observes how the coarser particles are accumu- 
lated in a short time, coalescing into one or several drops more or leas 
rapidly ; if irradiation goes on, the liquid betw^een becomes clear and the 
large drops increase in size until they contain practically the whole of the 
disperse phase. Figure 4a shows this phenomenon wdth a toluene emulsion 
some minutes after irradiation was started with medium energy.** Fig. 46 
after prolonged irradiation.** Substantially the same may be seen with 
cmuLsion.s of nitrobenzene, or other oils as well as with mercury. 

The behaviour of protected emulsions depends upon their concentration 
and degree of stability. When weakly protected, the droplets quickly 

** To show this, the photographs 3 A, B, C were taken horizontally from the 
side, shortly after iiradiation was started with pretty low energy-. The internal 
diameter 01 the capillaries was about i mm. 

*• One is dealing here with a problem somehow similar to the problem of the 
scattering of light by colloidal particles. 

** As the toluene creams up, this photograph was taken from above. To 
get a better photograph a capillary- with an internal diameter of about 3 mm . was 
used. Already here the striations arc less regular than in Fig. 3 A, B. C. 

*• The size of the dro{>s in Fig. 46 is due to the fact that during lie prolonged 
irradiation " radiation pressure has driven large drops of coagulated toluene 
column of liquid, where they are retained at the nodes, uniting 
with the drops already present there. Accidentally, this photograph was taken 
from a 3 mm. tube with thinner walls. 
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increase in size on irradiation. Strongly protected emulsions behave like 
suspensions : the particles are only accumulated ; when irradiation stops, 
they are dispersed spontaneously or on shaking. 

Summary. 

1. Ultrasonic waves display a strong coagulation action in emulsions 
and suspensions. 

'' RsLdiation prc^re " caused by diffraction of sound energy by the 
individual particles clrives the latter to and fro, thus increasing &e rate of 
spontaneous coagulation by a kind of orthol^etic coagulation. It ac- 
cumulates the particles at the nodes (or antinodes), wherever stationary 
waves occur. Here rapid coagulation sets in, the orthokinetic (and 
spontaneous) coagulation being enormously accelerated by the high con- 
centration at the nodal (or antinodal} zones of accumulation, the rate of 
coagulation by ultrasonics being mainly dependent upon the formation of 
the latter. 

2. In aqueous mercury emulsions the locus of coagulation may be readily 
^parated from that of emulsification : coagulation proceeding in the 
interior of the aqueous phase, emulsification exclusively at the interface 
of large bulks of metal and water. 

3. In aqueous emulsions of organic liquids this separation is not so 
easily effected. Both collations and emulsificatioa ^the latter„caus^ 
by cavitations), tSke place. At hi^ energies close to surface and iniex- 
face.s coagulation and emulsification counterbalance each other and cannot 
be separated. But in the interior of the liquid under suitable conditions 
stationary waves and zones of accumulation (and coagulation) may be 
observ'cd. Emulsification needs an energy exceeding a certain limit ; 
coagulation may therefore be called forth exclusively below this limit, 
as well as by preventing cavitation (and therefore emulsification) if an 
sufficiently high external pressure is applied. 

4. Coagulation by ultn^nics in unstable suspensions is due to the same 
causes as in emulsions, the analogy between the tw-o cases being very 
complete. 

5. The rate of accumulation at nodes (or antinodes) depends strongly 
on the particle-size. With the wave-lengths used, it proceeds markedly 
and rapidly with particles having a diameter above i fi. Accumulation and 
coagulation are practically not observ'ed with particles of truly colloidal 
size. 

6. In aqueous systems, particles less dense than the medium of dis- 
persion arc accumulated at the nodes, denser ones at the antinodes. Thus 
in a system containing particles denser and less dense than the medium of 
dispersion the particles of different density may be separated from each 
other by irradiation with ultrasonics. 

Our heartiest thanks are due to Professor H. Freundlich for his very 
helpful criticism and advice during this work. We are also greatly 
indebted to Professor F. G, Donnan, F.R.S., for hi$ generous hospitality 
and his interest. 
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THE PHOTO-ELECTRIC MEASUREMENT OF THE 
ABSORPTION OF SODIUM RESONANCE RADIA- 
TION. 

By Fred Fairbrother and James L. Tuck. 
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This paper is primarily an account of an investigation into the possi- 
bilities of the measurement, by a photo-electric method, of the absorption 
of resonance light by a metal vapour : we have applied the method so 
far only to the absorption of sodium resonance light, but the general 
method is applicable also to other metal vapours whose resonance 
radiation lies in a region of the spectrum which will affect a photo-cell. 
The immediate necessity for such measurements lay in the use of the 
“ life-period ’* method of estimating the speeds of reaction l>etween 
metal atoms and halogen compounds in the vapour phase. 

In this estimation the metal atoms (in a carrier gas) are led through 
a nozzle into the reaction vessel, where they meet the vapour of the 
halogen compound in such amount that the whole of the metal atoms 
react before they can reach the walls of the reaction vessel. By suitable 
adjustment of the temperature of the reaction vessel and of the rate of 
entry of metal atoms and halogen compound (the concentration of the 
latter being kept uniform over the reaction zone), a stationary st.ate of 
the reaction can be obtained, when the metal atoms form a kind of 
** flame above the nozzle. This flame,*’ which throws a shadow 
when illuminated by the resonance radiation of the metal in question, is 
most dense immediately above the nozzle opening, and falls away to 
zero at the edges. It can be showm * that if n is the number of metal 
atoms entering the reaction vessel in unit time, c is the concentration of 
halogen compound in the reaction zone, and N is the total number of 
uncombined metal atoms in the reaction vessel (i.r, in the “ flame ”) at 
a stationary state of the reaction, then the velocity constant k is given by 


or since N}n = t is the average “ life-period ” of a metal atom in the 
reaction vessel, 

r c 

The chief experimental difficulty is clearly the measurement of N, 
since n and c involve only the measurement of temperatures and pressures. 
In the method as hitherto used, • the quantity of sodium vapour in 
the reaction vessel at a stationary state of the particular reaction, has 
been calculated from photographic measurements of the absorption of 
sodium resonance light by the mass of sodium vapour. This photo- 
graphic method is extremely laborious and slow, several days being 

* Fromtner and Polanyi, Trans. Faraday Sac., 193-4, 1 ®* 5*9- 

* Fairbrother and Warhurst, Trans. Faraday Soc., 1933, 31, 987. 
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required for the point-by-point photometry of the photographs and the 
subsequent evaluation from these measurements of the total amount of 
sodium in a single “ flame.*’ It was suggested by Professor Polanyi 
{private cammunication) that an enormous increase of speed and ease of 
working could be secured if the mass of metal vapour could be estimated 
by a few, almcwt instantaneous, readings of a galvanometer deflection, as 
could be done if the total absorption could be measured photo-electrically, 
and the maximum density of sodium atoms in the path of the light were 
kept within a region where the absorption was a linear function of the 
concentration. This was the main object of the present work. 

There were two main issues in this problem : {a) the experimental 
problem of the measurement of the absorption ; and (b) the investigation 
of the limits within which the absorption in question is a linear function 
of the concentration of sodium atoms, i.e. the limits within which the 
manual integration of the sodium atoms can be replaced by an optical 
one. 

As a result of these absorption measurements (which will be discussed 
later) and from practical considerations of apparatus dimensions and 
intensity of incident light, it was found necessary to limit the total 
absorption by a ** flame ** to about 5 to 10 per cent, of the pencil of light 
entering the reaction vessel. It should be pointed out that under usual 
working conditions, the “ flame ’* covers only a part of this pencil of 
light. The percentage absorption of the whole pencil (which is what is 
measured) is therefore much less than the average absorption over the 
cross-section of the flame itself. To use the photo-electric method with 
the required accuracy, it was therefore necessary’ to measure the deflection 
of the galvanometer operated by the photo-cell to within ±0*1 per 
cent. It is to be noted that in this work we are not concerned with the 
measurement of the absolute intensities of the light, but only with the 
relative changes in the intensity due to absorption by a mass of sodium 
vapour. 

Moreover, as we have shown,* and as is to be expected on theoretical 
grounds, the absorption factor of the light from the high-frequency 
metal vapour lamp decreases as the temperature of the lamp is raised to 
increase the intensity of the emitted light. It was therefore necessary 
to strike a balance between a falling absorption and a rising intensity of 
the light. The optimum conditions w’ere given by a temperature at 
which the lamp gave a light of fairly small intensity. The practical 
problem, therefore, which was one of some difficulty, was the measure- 
ment, with a high degree of precision, of a change in intensity (due to 
absorption) of a comparatively feeble pencil of light. 

The technique of the measurement of light by photo-cells has received 
much attention in recent years, and the literature on the subject is 
voluminous. We were, however, unable to find any method described in 
detail which was well suited to this particular problem. Most of the 
welbknown methods apply to fairly bright sources of light. We con- 
sidered that the time of charging of an electrometer ’* method, as used 
for feeble illuminations, was not likely to give the required openness of 
scale, stability of 2ero and mechanical robustness. We were, therefore, 
led to develop a combined photo-cell and direct-current amplifier unit, 
which could be mounted on the reaction apparatus in place of the camera 
used in the photographic method. 


• Fairbrother and Tuck, Trans, Faraday Soc„ 1955, 5*0. 
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Experimental. 

The photocell was specially chosen to have a high insulation resistance, 
high sensitivity in the desired spectral region and a minimum “ dark 
current. These conditions were satisfied by a G.E.C. cell of vacuum type, 
with a rubidium oxide-on-silver cathode and with internal and external 
guard rings. The direct current through this cell when illuminated by the 
sodium lamp was far too small to be measured directly with the desired 
accuracy, even by a galvanometer of the highest sensitivity. It was nece.s- 
sary, therefore, to amplify the current passing through the cell, and the 
construction of a sufficiently sensitive, yet stable and robust direct current 
amplifier, was one of the major difficulties in this work. 

A number of designs of balanced D.C. amplifiers using electrometer 
tetrode valves have appeared in the last few years. These have chiefly 
related to the expensive American F.P.54 valve : a review of the difierent 
circuits used has been given by Penick.^ We have found, however, that 
an entirely satisfactory balanced amplifier can be constructed by using the 
T113 electrometer tetrode valve of the German Osrara Konzern.* The 
only previous publication describing the use of this valve in such a circuit 
appears to be that of Barth. ‘ who used a slightly different circuit from the 
present one. 

Since such a D.C. amplifier, or balanced valve electrometer, has many 
uses beyond the present one, and since suitable values for the various 
resistances for use with this valve (the choice of which involves some 
labour), do not app)ear to have been published, the method of balancing 
and the resistances actually used in the present work arc given in some 
detail. 

The starting-point in this work was a circuit described by DuBridge 
and Hart Brown.* This was subsequently modified in order to render it 
more flexible and more suitable for use with the T113 valve. The final 
circuit, arrived at independently, was essentially the same as the one 
described by Hamwell and van Voorhis,’ and used by them with the F.P.54 
valve and a valve developed by the Bcdl Telephone Lalx)ratories, and known 
as Type D-96475 Electrometer Tube. 

The circuit diagram and values of resistances used in the present work 
are shown in Fig. i. Since the mathematical theory^ of .similar circuits has 
been described previously, *• ^ it will not l>e repeated here : but it may be 
stated that the practical aim in selecting the resistance values is to secure 
that the galvanometer deflection passes through a rather flat minimum 
when the filament current is varied over a small range through the rated 
value. Harnwell and van Vtwrhis arrived at suitable resistance values for 
use with their valves, by carefully n;easuring the various tube derivatives 
and solving the appropriate equations. The rather more empirical method 
described below* was u.sed in the present case, and was found to be quite 
satisfactory. 

The T u 3 valve has a thoriated filament, rated by the makers to take 
100 m.a. at 3 volts, a space charge or inner grid round the filament, and a 
very highly insulated control grid between the space charge grid and the 
anode. After some preliminary experiments with the valve, it was decided 
to use the rather high control grid bias of — 4*5 volts, i.e. control grid 
being at least 7 5 volts negative to the more positive end of the filamcnt- 
The maximum safe anode voltage was deemed to be 9 volts to minimise 
the production of positive ions in the residual gas. The high control grid 
bias w'as chosen in order to stabilise the control grid current : the im- 
mediate result of such a bias, however, with the anode and the inner grid 

* Penick. Bev, Sci. Insit., 1935, 6, 115. 

• We are indebted to Dr. J. C. Brentano for bringing this valve to our notice* 

* Barth, Z. Physik,, 1934, 87, 399. 

• DuBridge and Hart Brown, Rev, Set. Imtr., 1933, 4, 532, 

’ Harnwell and van Voorhis, ibid., 1934, 5, 244. 
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at the same potential (^9 volts) was that the anode current was very 
small, most of the current beinj? taken by the inner grid. The potential 
of the latter was therefore reduced to about 4*5 volts, by the inclusion of 
the 5000 ohm resistance R'lg in the bridge network. 

The bridge network was then set up as shown in Fig. i (with the ex- 
clusion at first of the resistance AT). The anode resistance it’p was made 
approximately of the same value as the dynamic resistance of the plate- 
filament circuit, in order to give an approximately equal ratio arm bridge. 
Under these conditions the four resistances of (a) the plate-filament 
circuit : (b) the inner grid-fiiament circuit, together with R'ig ; (c) Rp ; 
and (d) R[g ccraprise the four arms of a resistance bridge, across two 
corners of which the galvanometer (with its Ayrton shunt and critical 
damping resistance Ri>) is placed, and which is capable of being brought to 
balance in the usual way by the adjustment of Rjg. 

The effect of varying the filament current by adjustment of Rb. or by 
a change in the E.M.F. of the battery during use, is in the first place to 
alter the relative values of (a\ and {b), and to a smaller extent the voltage 
applied to the corners of tht‘ bridge. The procedure adopted, therefore. 



PHOTOMETER CIRCUIT 

Fig. I. 

was to balance the bridge by means of R\g (i.e,, bring the galvanomet«* 
deflection approximately to zero), for various values of the filament 
current, as shown by the raetet M.A., in an endeavour to find values of 
the variable resistances, such that the galvanometer deflection passed 
through a flat minimum on variation of the filament current alone. With 
the values of /fp, R'\g, and R\g given in Fig, i, variations in which are 
limited by the operating conditions of the v^ve, it was found (and will. 
In general, be found for similar valves) that this stabilisation occurred at 
a filament current which was far removed from the rated ^ alue. This 
difficulty could be overcome most conveniently by the inclusion of a large 
resistance X shunted across the plate circuit. Various fixed resistances 
were trie<l in this position, the effect of several of which is shown in Fig. 2, 
in which galvanometer deflection is plotttKi against filament current. The 
required resistance clearly lies between 35,000 and 40,000 ohms. A 
resistance of 37,000 ohms was therefore constructed and resulted in 
stabilisation at about 99 m.a. filament current, which is close to the rated 
value, and at which the filament was run tbereafttu:. The inclusion of this 
resistance X reduces slightly the sensitivity of the bridge, but the present 
form of the latter was found to l>e very sensitive, and ample for the purpose 
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required. The voltage sensitivity, using a Moll galvanometer of 6 x lo^ 
amp. /mm. was 9600 mm. /volt : this corresponds to a sensitivity of 115,200 
mm. /volt with a galvanometer of a sensitivity of 5 x 10-'® amp. /mm., as 
used by Harnwell and van Voorhis with an F.P. 54 valve, and is therefore 
about 5 per cent, greater than they obtained. 

The fixed resistances used in the bridge circuit, and those with tappings, 
were made of Manganin wire wound on slotted ebonite strips. The 
variable resistances were of conventional type as used in radio work, with 
the exception of the 6-ohm fine adjustment resistances in Rig and Rb : 

for these, no suitable 
commercial type could 
be found which would 
give a sufficiently fine 
and smooth variation. 
They were therefore 
made in the form of 
spiral slide-wires, about 
xoo cms. in length, 
wound on coarse, ebon- 
ite spirals of 9 turns. 

An important fea- 
ture of the apparatus 
was the inclusion of an 
air-dielectric condenser 
C, of 0*002 fiF capacity 
and high insulation re- 
sistance, between the 
grid of the amplifier 
valve and earth. This 
condenser, together with the grid resister. increased the time-constant of the 
circuit to about 2 seconds, and therefore gave a corresponding time-average 
of the response of the photo-cell. Thi.s was a necessary provision in order 
to allow for fiuctuations in a reaction flame when this is used as an ab- 
sorbing medium. Moreover, the inclusion of this condenser rendered the 
circuit very insensitive to stray high-frtKjuency fields : probably much of 
the final success of the apparatus, which is used within a few feet of a 
powerful short- wav^e oscillator, is due to this condenser, and to the electrical 
screening which is described later. 

High Realstancea. 

In order to amplify the current through the photo-cell, it muat pass 
also through a high resistance Rg, tne voltage drop across which is applied 
to the grid and filament of the amplifier valve. The construction of a 
suitable resistance for this purpose was almost an investigation in itself. 
We were unable to buy suitable commercial resistances, and after many 
trials, in which were tried various compositions, and also evaporated and 
sputtered films of platinum and gold, on glass xx^s, a successful resistance 
was finally prepared by evaporating gold on to Pyrex glass rods which were 
kept at a temperature of 300 C. experiments with sputtered and 

evaporated metallic films resulted in resistances which were satisfactory for 
a time, but whose value gradually increased on standing. This was attri- 
buted to slow changes in the structure of the film, and therefore the metal 
was condensed on to the support at a suMciently high temperature to permit 
of the formation of a stable structure. 

The method of preparation was as follows. Two 10 cm, lengths of 0*1 
mm. diam. tungsten wire were twisted together with a gold wire of similar 
diameter. This composite wire was then wrapped with very thin tungsten 
wire in the form of an open spiral, and the complete assembly arranged so 
that it could be heated electrically in a borisontal vacuum tube. After 
the wire had been given a preliminary heating in vacuo to remove grease 
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and tungstic oxide several carefully cleaned Pyrex glass rods (about 
lo cm. X 0*3 cm.), the ends of which had been previously platinised with 
liquid platinum ** (as used in ceramic work), were arranged in the vacuum 
tube, parallel to the wire. The vacuum tube was then surrounded by an 
electric furnace at about 300® C., and outgassed before the evaporation of 
the metal. The latter was carried out simply by passing a current through 
the composite gold-tungsten wire : the gold, on melting, ran into the spaces 
between the tungsten wires which fr>rmed a carrier, so that little was 
wasted, and the metal could be raised well above its melting-point. The 
same technique was used for the evaporation of platinum. After cooling, 
the gold-covered rods were removed and their resistances measured. As 
the metal film was thickest on one side, that nearest the evaporator wire, 
and tapered off at the edges, the resistance could easily be adjusted by 
scraping to fall within a desired range. After the resistance had been so 
adjusted, wires were tightly twisted round the platinised ends and the 
whole rod immersed in melted Picein to give protection from the atmos- 
phere, since it was found that the films gradually deteriorated on exposure 
to the air. 

The photo-cell, electrometer val\'e, grid resistance and condenser, were 
mounted inside a vacuum-tight, earthed copper tube, with walls J-inch 
thick. The photo-cell was fixed wuth its cathode opposite a plate glass 
window in the side of the tube, and wras screened inside the tube from stray 
light from the valve filament. The copper tube was evacuated to a 
pressure less than i mm. Hg, thus avoiding trouble with electrical leaks 
due to ionisation of the air or to deposition of atmospheric moisture or 
other impurities on the parts of the very .sensitive grid circuit. The rest of 
the amplifier, including the batteries, was housed in an earthed copper box, 
and w^as switched on by the mercury contact sw'itch S, to avoid variable 
switch-contact resistance. The high-frequency oscillator and the metal 
vapour Lamp were also screened as far as practicable by enclosure in a 
tinned iron l)ox with metal gauze j>anels for ventilation. 

Using the photo-cell described above, and a grid resistance of 2 x lo* 
ohms, which gave alxiut twice the recjuired light sensitivity, the galvano- 
meter deflection became steady in about fifteen minutes after switching on, 
and thereafter there was no detectable drift of the light-spot over a period 
of many hours. The amplitude of the instability variations was less than 
1 mm. (in 1000 mm. detlection) and averaged about 0*5 mm. These 
residual fiuctuations are probably due to the Flicker effect of the cathode 
of the electrometer valve. The complete apparatus was therefore suitable 
for the measurement of a change in the intensity of the beam of light, with 
a j>recision of t 01 per cent, of the intensity of the unabsorb^ beam. 
The linearity of the galvanometer deflection /light intensity relation was 
tested by a movable light source and the application of the inverse square 
law , and also by an addition method using two light sources. The curve 
dei>arts from linearity only to the extent of i or 2 per cent. Some idea of 
the sensitivity of the photometer may be gained from the fact that a 
moderately glowing cigarette end, at a distance of several feet from the 
photo-cell, will prcSucc a galvanometer deflection of more than 1000 nun. 

Such a stable and sensitive photometer demanded naturally an equally 
stable light source. The high-frequency sodium vapour lamp responds 
instantly to even small changes in the voltage of the anode supply to the 
oscillator, and at first minute variations in the commercial A.C. supply 
could be followed by movements of the galvanometer light spot. As it was 
impracticable to use accumulators for riie anode battery of the oscillator, 
as was done for the filament battery, a rectifier and smoothing unit was 
constructed to give 1000 volts : this was then reduced to the 500 volts 
necessary for the oscillator by a scries resistance and four Cossor S. 130 
neon tubes arranged in series and placed in parallel across the output* 
This arrangement completely smoothed out any fluctuations due to 
variations of the A.C. mains. 
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The high-frequency lamp was enclosed in a large thermostatically 
controlled air-oven, constant to ± 0*05® C. The lamp, however, is sensitive 
to temperature changes of far less than this, and with such a degree of 
thermostatic control, the photometer galvanometer light-spot was still 
subject to a very regular periodic excursion of about ± 12*5 mm. about a 
mean position of 1000 mm. deflection. The period of this variation 
corresponded exactly to the operation of the thermostatic cut-off, and was 
due to temperature changes in the lamp, caused by the heating and cooling 
of the oven. Since a thermostatic control sufficiently fine to eliminate this 
variation was impracticable, the following device was adopted. A simple 
beam-splitting device was constructed by arranging a plane mirror at an 
angle of 45"^ to the beam from the lamp, a portion of the silvering in the 
centre of the mirror being removed. The direct beam through the hole in 
the silvering, passed to the photo-cell, whilst the major portion of the light 
was reflected on to the surface of a Weston Photronic cell. l‘he current 



Pio. 3‘ 


from the latter was measured by a second Moll galv'anometer (high current 
sensitivity type), whose light-s].x>t moved over the same scale as that of the 
photometer galvanometer. By suitable adjustment of the sensitivity of 
this second galvanometer, small variations in the intejisity of the light 
source were made to produce the same amount of movement of the two 
galvanometer light-spots. Changes in the intensity of the main beam 
passing into the photometer were then made by observing the d^t^e^enct^s 
between the two galvanometer deflections. Since, under these amditions. 
the Photronic cell was operating at an almost constant illumination, non- 
linearity of the relation between the light flux and the current output of 
the cell did not aifect the result. Moreover, in the final arrangement of 
the apparatus as required for reaction velocity measurements, the photo- 
inetcr must be at some distance from the light source and the l>eam of 
light nearly parallel, and therefore the utilisable area of the light source 
niust be small, much smaller, in fact, than the actual flat emitting surface 
of the lamp. In this beam-splitting device an image of the emitting surface 
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of the sodium lamp is formed by a large aperture lens on the mirror, the 
hole in which then acts as a stop, and defines the new source, the light from 
which is then made parallel by another lens, and the major fjortion of the 
light from the lamp is reflected on to the Photronic cell. Thus, by the use 
of light which would otherwise be wasted, we are able to use the less sensi~ 
tive Photronic cell as a zero device. The optical arrangement and general 
disposition of the apparatus is shown in Fig. 3. 

The results of a numl>er of absorption measurements are given in 
Figs, 4 and 5. In these measurements the direct beam through the hole 
in the mirror silvering passed through a cell filled with podium vapour 
and contained in an air oven, and into a condensing lens in front of the 



photo-cell. The sodium cell was made of Jena glass, about 3 cm. diameter, 
with plane ends 4 04 cm. apart, and contained a small quantity of sodium, 
distilled into it m vacuo. I'he high-frequency lamp was operated at a 
temperature of 210"* C., and the al^rption was followed almost down to 
the melting-point of .scxiium. In Fig. 4. A/To (intensity of transmitted 
light/intensity of incident light) is given as a function of the absorption 
cell temperature (the quantity actually measured), and in Fig. 5 (curve A) 
as a function of the number of moles of sodium per square cm. in the 
path of the light. The latter has been calculated from the temperature of 
the absorption cell and the data of Ladenburg and Thiele.* Since, however, 

• Ladenburg and Thiele, Z. pkysik. Ckem.^ 1930, 7B* x6x* 



632 ABSORPTION OF SODIUM RESONANCE RADIATION 


the lowest temperature investigated by these authors was 180^ C., the 
vapoiir pressures at lower temperatures were obtained by plotting their 
results in the form of log . p against i /T and extrapolating : there must 
still exist therefore the slight uncertainty of this extrapolation. 

In Fig. 5 also (curve B), log . /t//o is plotted as a function of the number 
of moles of sodium per square cm. in the path of the light obtained in the 
same way. 

These absorption measurements were made in several stages, between 
which major adjustments to the apparatus were made, such as re-heating 
of the absorption cell and re-charging of the batteries in the amplifier : the 
various portions of the curve " fit" p^ectly, and repeat measurements made 
common regions showed a reproducibility within ±0*1 per cent.* 



m 909 m mo m sm 

A/a. tiotta/Cm* m 47*^ 

Fig. 5. 


When light is absorbed by a homogeneous coloured solution, the ab- 
sorption log . /t//o is a linear function of the concentration of the absorbing 
material (Beer’s law). We cannot, however, deduce the concentration in 
a system of variable absorbing density, from the total absorption, by this 
exponential relation. We therefore, as mentioned earlier in the ^per, 
required to know the range of sodium density over which /t//© was a li^ar 
function of the number of sodium atoms in the path of the light. When 
the r^ults shown in Fig. 5 are plotted on a larger scale, they show that 
it//© is a linear function of the amount of sodium concerned, up to about 

• We should like to thank Mr. E. Warhnrst for much assistance with these 
absorption measurementB. 
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45 per cent, absorption, whilst Beer’s law is followed only up to about 
25 per cent, absorption. 

We may therefore take a mass of sodium vapour of variable density, 
the m a x i m u m absorption by any part of which is, say, x per cent, of the 
light incident on that part, and calculate the total number of sodium 
atoins in the system on the assumption that the absorption of any region 
is a linear function of the mean absorption and the number of sodium atoms 
in that region. Our aim in the beginning was to make this maximum 
absorption ^ equal to 25 per cent, to 30 per cent, of the light, with a 
total abs^ption of 10 per cent. (These figures were arrived at from an 
e x a min ation of records of ** dames ” obtained by the photographic method.) 
As can be seen from curve A, however, this can be extended to nearly 
45 per cent, maximum absorption. 

Summary. 

1. A sensitive photo-electric photometer has been developed for the 
measurement of the intensity of a beam of sodium resonance light, with a 
precision of ±61 per cent. 

2. For this purpose a stable, balanced D.C. amplifier (which may also 
be used ais a valve electrometer) has been constructed, using an Osram 
T113 electrometer valve. 

3. The technique of making electrical resistances of very high value, 
by evaporating gold on to glass rods, is briefly described. 

4. Some photo-electric measurements of the absorption of sodium 
resonance light are given, extending down almost to the melting-point of 
sodium. 

5. It is found that /t/^o (intensity of transmitted light /intensity of 
incident light) approximate very closely to a linear function of the number 
of sodium atoms in the path of the light, up to about 45 per cent, absorption 
of the light. 

6. It is also found that Beer’s law is obeyed in this absorption, over a 
much smaller range. 

In conclusion we wish to thank Prof. M. Polanyi for his advice and 
help throughout thi.s work, and Messrs. Imperial Chemical Industries, 
Ltd., and the Department of Scientific and Industrial Research, for 
research grants. 
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REACTIONS BETWEEN SODIUM VAPOUR AND 
VOLATILE POLYHALIDES. VELOCITIES AND 
LUMINESCENCES.^ 


By W. Heller and M. Polanyi. 

Received lyth January, 1936. 

The diffusion method devised by H. von Hart el and M. Polanyi * 
(see Fig. i) was applied to the reactions of sodium vapour with the 
follow'ing substances : 

BC 1 „ BBr„ CCI4. SiCl4, SiBr^, GeC^, SnCl4 TiCl4, 

PCI,, AsCl„ SCI,, S,Ci„ COCl„ P 0 C 1 „ CrO,Cl„ CS,. 

* An extract of this paper was given in Campt, rend, 1934, 199, in8. 

• 2 . pkysikal. Ckem, 1950, iiB, 97. 




634 SODIUM VAPOUR AND VOLATILE POLYHALIDES 


The list contains nearly all the completely chlorinated or brominated 
polyhalides which have a sufficient vapour pressure to be introduced at 
room temperature into the “ diffusion apparatus.** The present study is 
in the nature of a general survey in which the emphasis is on the deter- 
mination of the sequence of reactivities and on the observation of a 
series of chemiluminescences which made their appearance while the 
reaction velocities were measured. 

Experimental Procedure. 

Preliminary^ to the study of these reactions, one of the authors (W. H.), 
in conjunction with Dr. K^ama and Mme. Schatunowskaja, has made an 
extensive re-examination of the diffusion method which is to be submitted 
shortly to this journal. 

The following were the main results of this investigation. The distribu- 
tion of the halogen compound throughout the ffame region in the stationary 
state was determined for various velocities (v) of the “ carrier gas/* using 
different carrier gases (N*, H,) at different pressures, resulting in different 
values for the diffusion constant ( 5 ) of the sodium vapour in the carrier 





Fig. I. — Main Features of the Diffusion Method,*' — Na-vajx^ur is carried by a 
flow of carrier gas into the reaction vessel, where it meets the flow of a 
gaseous halogen com|X)und HI (“ halogen gas **). The reaction zone is illu- 
minated by a sodium resonance lamp ^L), the sphere of sodium \apour thus 
made luminescent is the ' flame," the diameter D of which is meitsured. 
D IS estimated through a window at O by a sighting device which is adjusted 
successively to the upjHT and to the lower edge of the " flame." 

gas. It wa.s established that conditions must be so adjusted that vjh {v ia 
m./sec. and h in cin.'/^ec.) should be between 5 a io-* and 12 x lo-"*, 
since at higher values the halogen compiound is " swept out of the ffame 
region, while at lower values the back diffusion into the nozzle falsiffes the 
results. The conclusion was also reached that the measurement should 
be based on flames of large size, if possible not smaller than 3*5 cm. in 
diameter. 

Various improvements relating to the control of the inflowing “ halogen 
gas ** stream lead to a more accurate determination of the parrial pressure 
of the halogen gas in the reaction zone. At the same time, a more reliable 
estimation of the flame diameter was introducad by ’* end on observation 
with a levelling device adjustable to the edges of the ffame. The method 
thus improved, yields relative velocity constants of about 15 |>er cent, 
accuracy for reactions requiring not less than about 50 and not more than 
about 5000 collisions. 

Ap^ from these technical developments, of which full use has been 
made in the present work, special provisions were made for the handling 
of the halogen compounds, most of which are extremely sensitive to moistiire, 
and attack tap-grease and mercury. The purchased halogen compounds 
were opened in vacuo and distilled into the apparatus. The flow of halogen 
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gas was controlled by valves of the membrane type (Fig. 2) and the mercury 
in the manometers covered with sulphuric acid or paraffin oil. Owing to 
these technical difficulties the capill^ies, by which the flow of the halogen 
gas is controlled, could be 
calibrated only for a few of 
the inorganic polyhalides. 

The flow of the other halogen 
gases was calculated on the 
assumption that the viscosity 
of the vapours does not 
differ appreciably. This was 
found to hi^ true in a com- 
parison carried out between 
CCI4 and S1CI4 as w’ell as 
between a large number of 
halogenated organic com- 
pounds. It is believed that 
the error caused • by the as- 
sumption of e<|ual viscosities 
cannot affect the sequence of 
reactivities as stated l>elow.* 

The reaction rates of CCI4, 

SiCl*, IK'L, BBr„ Ti( 1 * fall 
within the range stated pre- 
viously for which we esti- 
mate the accuracy of the 
relative values to be alxiut 
1 5 per cent. The other com- 
pounds react so fa.st as to lie 
beyond the range of vekK:ities 
for which the methoii can be 
used quantitatively ; m these 
cases only the order of magni- 
tude of the reaction rates 
could be established. As to 
the stM|uence of values given for this group of substances, w’e see no reason 
why the s<*qijence of any pair of values diflenng by more than 30 per cent, 
should not W correct. 



Fig. z. — Rotation of the knob K moves the 
screw S vertically. This motion is trans- 
mitttHl through the metal vacuum-tight 
diaphragm I) to the needle, which can thus 
Ik? raised or lowered into the valve seating 
V. The cones C are used to connect the 
valve to the apparatus. 


Reaction Velocities. 


The results listed in Table I. all refer to a reaction temperarure of 
270®. The partial pressure of sodium at the nozzle w^as nearly 
3 ► 10^* mm, ; deviations from this value %vere duly taken into account. 
The carrier gases used w’cre H, and N, (the former for faster, the latter 
for slower reactions), and their pressures were varied from I mm. to 
10 mm. Each reaction velocity wms determined by a series of measure- 
ments on flames of different sizes ; on the average five flames were 
measured, ranging in size from 2 cm. to 4*5 cm. The values listed in the 
table arc interpolated for the size of 3*5 cm. 

llie calculation of the velocity constants is based on the fomiula 


In 


PiL. 


In 


?)■ 


(R - 


pm 


r 


• For a determination of the absolute values reaction rates the distributioa 
of the halogen gas thn>ughout the flame ha.s to be taken into account, llie 
influence of this correction will be show^n in the detailed communication on the 
improN’ements of the rx|>crinu?ntal method, where specific reference will once 
®ftore be made to tlie case of CCI4. 
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TABLE I. 


Compound. 

Reaction Velocity Constant k 
(c.c. mole-' aec.-* x xo-*^). 

ColUaion Number 
(S). 

BCl, 

471 

1.350 

CCI4 

963 

6*5 

SiCl4 

4 03 

1.570 

TiCI* 

993 

6*4 

GeCl* 

4,890 

1*3 

SnCl4 

3*510 

1-8 

PCI, 

1,500 

4*2 

AsCl, 

L470 

4*3 

SCI, 

6.340 

1*0 

BCl, 

4*71 

1.350 

BBr, 

248 

25*6 

SiCl, 

403 

L570 

SiBr, 

L450 

4*4 

S,C 1 , 

SCI, 

1,760 

3*6 

6.340 

1*0 

PCI, 

1.500 

4*2 

POCl, 

2,290 

2*8 

COCl, 

CrO,C:i, 

856 

7*4 


4-8 

cs. 

^ *0306 

207.500 


where are the partial pressures of sodium at the centre and 

at the edge of the flame respectively, being io“* mm. ; R and r are 
the radii of the flame and the nozzle respectively, r being 0-25 cm. ; 8 
is the diffusion constant of sodium vapour in the carrier gas, and was 
calculated for the prevailing conditions on the basis of earlier determina- 
tions ^ by which the values 8 h , — 3’ 1 4 and 85, — 0*92 had been obtained 
for atmospheric pressure, and 643® K. ; pm is the partial pressure of the 
halogen gas in the reaction chamber and T the absolute temperature. 
The reaction velocity constants k are in the units of c.c/.mol. sec. 

The “ collision numbers ” ( 5 ) also listed in the table are based on a 
uniform collision diameter of 6.7. 10“^ cm. We thus obtain the 
relation 

^ 6 . 3 X 10^* 

k 

The molecular velocities of the halogen compounds range betw^cen 
17,000 and 34,000, which arc the values for COClg and SiBr^ respectively. 
This causes a variation in the collision no. of ± 3 per cent, which has 
been taken into account in the evaluation of 5. 

In the table we have grouped our results in the following way. The 
chlorides are listed in the sequence of their position in the periodic 
system of elements. Then the bromides (BBr^ and SiBr^) arc showm in 
juxtaposition to the corresponding chlorides. The next section points 
out the effect of a change in valency of the atom to which the halogen is 
linked ; finally, lOe values for COClj, CrO,Clj and CS* are given. 

We note in the first part of the table that there is a considerable 
inertia attached to the reactions of BClg and SiCl4 ; the inertias of CCI4, 
TiCl4, PCI5 and AsClj are noticeable ; the reactions of GeCl4, SnCl4 and 

^ H. von Hartel, N. Meer and M. Polanyi, Z, physik. Cktm. 193a. 198^ 139. 
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SCI, are practically instantaneous. If we add to the data listed in the 
first section of the table, the fact that the reactions of sodium vapour with 
Cl, . Br, and I, are all instantaneous, we cannot fail to observe that 
the tendency for an inertia to be present falls off when we pass from the 
third and fourth groups to the higher groups of the system. The fact 
that the volatile halogenides of the second period (HgCl,, CdCl,, ZnCl,, 
CuCl,) all react instantaneously suggests that the inertia has its maximum 
in the middle groups of the periodic system, and falls off both towards 
lower and higher groups. This corresponds to the changes in bond 
strength of the halogen atoms which are highest for the middle groups 
of the periodic system. 

The second part of the table illustrates the increase in reactivity 
caused by substituting Br for Cl ; a rule repeatedly observed previously 
in the organic series. The ratio of the velocities of the Cl and Br- 
compounds is similar to that found in the organic series. 

An increase in reactivity, corresponding to decreasing bond strength, 
is also found in the two cases where compounds corresponding to a higher 
valency stage can be compared with compounds of a lower valency stage ; 
SCI, reacts faster than S,C1, ; POCl, faster than PCI,. (The oxygen 
atom introduced in the latter c;ise seems to have little effect, since COCl, 
dovs not react faster than CCI 4 .) 

A measure of bond strength most appropriate to our problem is 
given by the restoring forces of the bonds, as derived from Raman 
spectra. Table IL illustrates the parallelism of the ** inertia ” deter- 



TABLE H. 

Restoring Force ConsUnts 
(/ X 10-*) between Central 


Collision Nomb^r 

Compound: 

(S). 

Atom-Ht-Atoenu 

CCI4 


2'00 

SiCh 

1,570 

2*43 

TiCh 

0*4 

2'20 

GeCh 

1*3 

— 

SnCh 

1-8 

2-00 

PCI, 

4’2 

1-9 

AsCl, 

4*3 

1*4 

SbCI, 

— 

0*87 

BiCl, 

— 

0*44 

CH.CI 

7.100* 

3*X2 


310* 

22* 

2*94 

2*47 

CCI4 

2* 

2*00 

CHXl 

7.100* 

3*12 

CH,Br 

75* 

2 -61 

CH,I 

1 

215 


* These values which have been substituted for the earlier results of Hartel, 
Meer and Polanyt are based on new measurements of W. Heller to be published 
shortly. 

mined by the collision number, with the restoring force constant / of the 
bond. Within each of the three groups, CCl^-^SnCl,, CHjCl-^CCl, 
and CH,C1 CH,I this parallelism holds equally well. 

The high restoring force attributed to the linkages in SiCl, might 
appear unexpected ; • it is, therefore, to be noted that it is borne out by 

* K. W. F, Kohlrausch, Dw BffM, 1031 , page 217 ^ expresMi 

<lifhdenc« at to the correctneas of this force oonitant for this reason. 
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the heat of formation of SiCI^ which is considerably higher than that of 
either CCI 4 or SnCl^. We have the energies 

^vapour + 4CI - CC!4 + 280 kCal. 

^ivapouT "f* 4^1 ^ SiCl^ -|“ 34^ kCul, 

^^▼apour “f" 4^1 ~ SnCIi -f~ 3 ^^ kCul. 

It seems reasonable that the force w'hich counteracts an elongation 
of the halogen bond should also be responsible for the chemical inertia 
of such reactions which lead to the splitting up of the bond. A closer 
consideration of the theoretical connection of force constant and chemical 
inertia has been given by R. A. Ogg in conjunction with one of the 
authors.* 


Reaction of CS^ with Na-Vapour. 

We found that Na-vapour reacts with CS^-vapour. In view of the 
endothcrmicity of the process, 

CS, + Na CS -f NaS<,.poar). 
the observed reaction appears to be the addition 

CSj + Na — CSjjNa. 

The fact that the reaction proceeds ver\' slowly helps to confirm this 
view. The observed velocity constant k (Table I.) which was measured 
in the presence of 6 mm. of pentane used as carrier gas, is not too large 
to be accounted for by three-body collisions. Indeed, the reaction is 
slower than in the case of the analogous reaction btdwcen Na-vapour an<l 
O2 to which reference is made later. 


Chemiluminescences. 


The chemiluminescence accompanying the reaction of sodium vapour 
with chlorine was discovered by Haljcr and Zisch.^ When a nitrogen 
stream at atmospheric pressure, carrying a slight admixture of sodium 
vapour, was led into chlorine a slight yellow glow appeared which was 
found to contain exclusively tlu D-line of sodium. 

By the use of " highly attentuated flames ” this luminescence was 
greatly incrcasrd in intensity, and the mechanism of its origin was 
elucidated.® At the same time, a number of similar luminescences were 
discovered, atcompanying the reactions of Na-vapour W‘ith the various 
halogens and with the volatile halogen salts of the second sub-group of 
the periodic system. Two examples may show' the mechanism of these 
luminescences 


Na -f Clj NaCl + Cl 
Cl + Nag =. NaCr + Na 
NaCi* + Na == NaCI + Na -f hp 

Na + HgCla - NaCl + HgCl 
Na + HgCl ^ NaCl* 4 Hg 
NaCl* -4 Na ~~ NaCd 4 4 kp ^ 


Type A. 


• Tram. Faraday Soc., 1035. 3 »* * 7 . Phynk, 192^, 9, 30a. 

» H. Beutler and M. Polanyi, Z, physih. Chtm., 1928, iB, 3. 
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In both cases the final process of excitation consists in a collision of the 
** nascent ** NaCl* -molecule with an Na-atom. Such chemiluminescences 
can arise only if there is a reaction of Na-vapour which evolves at least 
48*5 kCal. which is the molar excitation energy of the D-line. 

A chemiluminescence differing fundamentally from these was ob- 
served ® when highly attenuated sodium vapour w-as brought into reaction 
with SnCl4-vapour. The luminescence has a continuous spectrum, the 
origin of which is supposed to be 


Na + SnCl^ NuCI + SnClj (twice) 
SnCIj + SnClj ^ SnCl4 + SnCI^ + hv 


jlype B. 


Since, according to this view', the luminescence arises from two particles 
as they undergo the process of reaction, this type (B) has been given the 
name of “ primary chemiluminescence.” The atomic mechanism which 
may lead to primaiy^ chemiluminescence w'as discussed in detail in a 
recent paper by R. A. Ogg and one ol the authors.^® An obvious con- 
dition for the occurrence of this sort of luminescence is the presence of a 
heat of reaction (Z:) satisfying the condition 


E Xhvj, 

where Vj is the short-wave limit of the continuous spectrum emitted by 
the reaction, 

A third type (C) of chemiluminescence, the mechanism of which is 
still unexplained, w'as discovered when CuClj vapour was brought into 
a fiamc of Na + Clj. Besides the yellow light belonging to the Na -b Clj 
flame, an intense green luminesciMice made its appearance in w^hich the 
well-known CuCl*ban<is were recognised spectroscopically. The same 
luminescence also arises when CuClj is brought into an Na + HgCI,- 
flame, and it was observed also when CuCl, was introduced into a stream 
of atomic hytlrf>gen reacting w’ith chlorine ; it is distinctly obser\’'able in 
the gas phase when chlorine attacks metallic aluminium in the presence 
of CuCif vapour.^' The peculiar feature of thesi' latter luminescences 
lies in the fact that althotigh no emission of light accompanies the 
reaction between CuCl, with either Na-vapour or H-atoms or metallic 
aluminium, the presence of another body, such as Clj or HgCl^ reacting 
simultaneously with tliese substances gives rise to the luminescen»'e. 

The chemiluminescences newiy observed in connection with the 
reactions of the iaorg;inic poly halides seem to belong partly to type A or 
B ; another group which made its appearance only when was added 
to the flame, show's some >imilarity to type C, but may prove to represent 
an altogether new type. 

Table III. presents the obser\'ations on chemiluminescence. With 
(’CI4, SiCl4. AsCl^ and no lumin(*sccnce was ob.ser\‘ed ; accompanying 
the reaction of Tiri4 there sometimes appeared a faint glow, but the 
existence of lhi,s lurnincsrcnce could not he definitely established. (Clearly 
visible luminescences were present in the reactions of BClj, BBrj, SiBr4, 
CieCl4, SnCl4 (as previously known), PClj, S,Clj, SCI^, COClj, POClj and 
CrO|("l4 writh vapour. 

•M. Puianyi and G Schay, Z. Fhynk. 47, 814. 

** H. A. Oi^ and M. Polanyi, imns. FartuUy Hoc., 1035, 3 »* I 375 
L. Fmmmer and M. Polanvi, Z phvsik. Chrm., 1930. 6B, 371, This paper 
gives only a brief account of other CuCMumincscences than th<^ caus^ by 
tlie nacuon with aluminium. Details of the other cases have remained un^ 


published. 
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TABLE III. 


Halogen 

Observed Lumines- 

Estimated Intensity 

Probable 

Luminescence 

Compound. 

cence, Colour. 

(ISnCU - 10). 

Type. 

BCl, 

grey 

1-2 

B 

CCI4 



0 

— 

SiCl4 

— 

0 

— 

TiCl4 

blue* 

< I 

— 

GeCl4 

blue 

10 

B 

SnCl4 

blue 

10 

B 

PCI, 

D-line 


A 

AsCl, 

— 

0 

— 

SCI, 

bluish 

10 

B 

BCl, 

(continuum 
extending from 
yellow to violet) 

grey 

1-2 

B 

BBr, 

blue 

3-5 

B 

SiCl4 

— 

0 

— 

SiBr4 

yellow 

5-7 

B 

S.Cl, 

SCI, 

blue 

2-4 

B 

bluish 

10 

B 

PCI, 

D«Iine 

2-3 

A 

POCl, 

bluish -grey 

7-9 

B 

COCl, 

CrOjCl, 

D-line 

9-10 

A 

bluish-greenish- 

10-15 

B 

S,C 1 , 

grey 

blue 

2-4 

B 

SXl, 4- 0 , 
SCI, 

D-linc 

> lO 

C 

bluish 

10 

B 

SCI, 4 - 0, 

D-linc 

> 10 

C 

S,C 

— 

0 

— 

S,C 4 " 0, 

D-line 

> 10 

C 

POCl, 

bluish-grey 

7-9 

B 

POCl, 4 - 0, 
CrOjCl, 

bluish-grey 

7-9 

B 

bluish-groentsh- 

10-15 

B 

CrOjCl, 4 - 0, 

bluish-greenish- 

10-15 

B 




^ Existence doubtful. 

The luminescences of the reactions of 0001 ^ and PCI* with Na-vapour 
consist of the D-line ; these cases, therefore, probably belong to type A. 
For COCljj the reaction might be 

{a) Na + COCl* = NaCl + COCl, 

(b) Na + COCl === NaCl* + CO, 

{c) NaCl* + Na -= NaCl + Na -f hv. 

The heat of formation of COCl, from CO and aCbatoms being 82 kCal, 
and the formation heat of two NaCl (vapour) from the atoms being 1 90 
kCal., either reaction (a) or (J), and possibly even both, might possess a 
reaction heat of more than 48-5 kCal., which are necessary for the excita- 
tion of Na vapour. It seems probable, however, that such a reaction 
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heat is present only in reaction {b). No detailed suggestion can be given 
for the mechanism of the PCI, luminescence. 

The luminescence of GeCl, is in every respect similar to that of SnCl,, 
and might be accordingly accounted for by a mechanism of type B. Of 
the other chlorine compounds, only SCI, has a considerable intensity of 
chemiluminescence. Its spectral character appears to be a continuous 
band, extending from yellow to violet ; very similar to the spectrum 
of the SnCl, and GcCl, luminescences. On this evidence it might be 
classified with these in group B. The luminescences of S,CI, and BCl, 
appear to be of similar character, but the light was too faint to permit a 
clear determination of the spectral character. 

It is interesting to note that the reaction of SiBr, is luminescent, 
although that of SiCl, is not. There is a similar relation between BBr, 
and BCl, ; the luminescence of the bromine compound is considerably 
more intense than that of the chlorine compound. The rather incom- 
plete spectral evidence indicates that the luminescence of SiBr, and 
BBr, belong to type B. 

A very intense luminescence is obtained with Cr02CI,, and a somewhat 
less bright one with FOCI,. Both luminescences are not of the colour of 
the D-line, and in consequence cannot belong to type A, but are probably 
of the type B. 

There is a marked connection between the occurrence of the lumin- 
escences which we have classed under the type B, and the velocity of the 
reaction from which they arise. Of nine substances yielding a lumin- 
escence of this type, eight react instantaneously with sodium vapour. 
BCl,, which forms an exception to this rule, gives only a ver>^ faint lumin- 
escence. 

Not only do all luminescences emitting other light than that of the 
D-line (with one exception) come from instantaneous reactions, but also 
conversely, all the instantaneous reactions of poly halides hitherto ob- 
served are accompanied by such luminescences. 

A further seric.s of luminescences appeared when oxy’gen was added 
to the reaction mixtures of CS,, S,C1, and SCI, (Table III.). Sodium 
vapour and oxN'^gen react with one another according to Haber and 
Sachsse,^* through the primar\* formation of NaO,, w’hich is subsequently 
stabilized by collisions with the carrier gas ; this reaction is accompanied 
by no visible luminescence. The reaction between sodium vap^uir and 
CS, is, as was pointed out abvove, probably of a similar type to that of 
Na + O,. and it likewise show.s no trace of luminescence ; it is only the 
mixture of O,. CS, and Na which emits light. It is a bright radiation of 
the colour of the D linc. 

The two luminescent reactions of sodium vapour with S,C1, and SCI, 
are also profoundly modified by the addition of oxygen ; a strong 
emission of the D-Iine arises in the presence of which the original lumin- 
escence can no more be observed ; it could not be established whetlter it 
had actually vanished, or had only become invisible when outshone by 
light which arises on the addition of ox>’'gcn. Oxygen had no effect on 
the luminescences of FOCI, and CrO,CI,. 

The luminescences caused by the addition of oxygen resemble the 
luminescences classed above, under type C, which also require the 
presence of three reacting substances. We can offer no suggestion for 
this mechanism, and can note only that sulphur is present in each of the 
observed cases. 

pkysik, Chtm., BodensUin F$i^nd, 193 



642 SODIUM VAPOUR AND VOLATILE POLYHALIDES 

Size of the Luminescent Zone. 

The luminescent zone is of the same shape as the area filled with 
sodium vapour, by which the reaction zone (or ** flame **) is usually 
characterised (see Fig. i). In the cases listed in Table IV. we have 


TABLE IV. 


Halogen 

Compound. 

Diameter D of the 
Resonance Flame. 

Diameter D' of the 
Luminescence Flame. 

DiD \ 

SnCl4 

1-235 

103 

1*20 

I » 

1*3^5 

1*02 

1*34 

99 

2-41 

176 

1*37 

99 

2-05 

1765 

1*67 

9 9 

3*45 

2-M5 

i*6i 

99 

4*14 

2695 

1*54 

GeCl, 

172 

1-54 

1x2 

PCI, 

2*99 


2*0 

,, 

3*66 

^2*0 

1*8 

• » 

3'99 

^ 2 0 

^ 2*0 


measured the diameters both of the luminescent zone and of the sodium 
“ flame ** ; the former appears to be always smaller than the latter. 
This proves that the light is stronger in the central parts of the “ flame ; 
a fact easily to be explained by relating the intensity of the luminescence 
to reacting quantities per time and volume unit, which are higher in the 
interior parts of the flame than at its periphery. 

Summary. 

1. The reaction velocities of a series of polyhalides (BCl*. BBr„ CCl4» 
SiCL. SiBr4, GeCL. SnCl*, TiCl^, PCI,, AsCl., SCI,, S,Cl,. COCl„ POCl„ 
CrOjClf) reacting with sodium vapour have been determined by use of the 
“ diflusion method." 

2. Owing to the extreme rapidity of most of the reactions the rates of 
a few only could be quantitatively determined, while the order of magnitude 
and the sequence of reactivity were established for the rest. The poly- 
halides of the elements belonging to the middle groups of the pei^ic 
table show the highest inertia in reacting with Na-vapour. 

3. In a homologous series *he chemical inertia increases with the 
restoring force acting in the halogen linkage. 

4. Na-vapour reacts with CSg-vapour ; probably by a three-body 
collision. 

5. Thirteen different new luminescences were observed arising from the 
reactions of Na-vapour with BC 1 „ BBr„ SiBr*, GeCl4, PC 1 „ SCI|, SfClg, 
COCl*, POCI4, CrOjCl, and from a mixture of Na-vapour and O, reacting 
with SCI, and S,C 1 ,. A classification of these chemiluminescences 
according to principles previously established has been attempted. 

The above experiments were carried out in the Kaiser Wilhelm 
Institut fiir Physikalische Chcmic from January to August, 1933. The 
authors wish to recall in deep gratitude the memory of F. Haber who, 
during this period, was Director of the Institute. 
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THE ABSORPTION OF GASES ON SODIUM 
CHLORIDE. 

By h\ C. Tompkins. 

Received Sth January^ 1936. 

Comparatively few adsorption measurements have been obtained 
with gases, at low pressures, on crystal surfaces. Langmuir ^ has shown 
that the adsorption of a number of gases on mica at 90® K., 155° K., and 
183® K. can be represented by his theoretical equation. Bawn * has 
confirmed this with carbon monoxide and oxygen, but he could find no 
simple relation to express the results obtained with argon. He assumed 
that this gas covered more than one elementary surface, and that the 
equation must therefore be written : — 

1 + C*ip* 

where K^, etc., denote the relative areas of the various surfaces. The 
magnitude of these constants will largely determine the shape of the 
isotherm. Both he and Langmuir calculated that the thickness of the 
adsorbed layer was never greater than monomolecular, although the 
percentage of the surface covered at saturation varied considerably with 
different gases. The surface of mica is a complex distribution of atoms, 
and Langmuir suggests that the unsaturated carbon monoxide is ad- 
sorbed on all types of surfaces, whereas oxygen, for example, is only 
attached to the metallic atoms, and hence will have a low saturation 
value. 

Durau * has studied the adsorption of various gases on sodium 
chloride at higher pressures, and optical examinations of the adsorbed 
layer of methanol on a single cr\'stal of this salt have been ir4ade by 
Silvermann * and Frazer.* They find the layer to be monomolecular, 
but Whipp;* however, in an attempt to explain the abnormal form of the 
isotherm in the adsorption of iodine by cr>^stals of potassium chloride, 
has postulated the formation of a second layer at higher pressures. 

There arc, unfortimately, few data available to verify the calculations 
of Lcnnard-Joncs ^ concerning the nature and magnitude of the adsorp- 
tive forces operative at the surface of crystals. A preliminary survey of 
the adsorption of ten gases by sodium chloride crystals at 90® K. and 
183® K., at low pressures has therefore been made in order (a) to test the 
possibility of lateral diffusion of adsorbed molecules ; (b) to measure 
their heats of adsorption at low temperatures ; and {c) to correlate the 
adsorbability of the gases with their physical properties. 

‘ Langmuir, /./f.C.S., 4 ®* 13^1* 

• Bawn, ibid t 54^ 7*- * Durau, Ann. Physik.. 1928. 87, 307. 

* Silvennann. Physic. Rev., 1930. 36, 311. * Fnuer, ihid., 1929* 34 . 97 - 

♦ Whipp, Proc. Rov. Soc., 1933, 141A, 217. 

'Lennard-Jones, frans. Far^sday Soc., 1928, 34, 92. 
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ExperlmentaL 
Preparation of Materials. 

Sodium Chloride. — Very small and fairly uniform crystals were 
obtained by passing a rapid stream of pure hydrochloric acid gas into a 
saturated solution of A.R. sodium chloride. After two precipitations, the 
salt was filtered through a ground glass plate, and dried in a vacuum 
dessicator over caustic potash and phosphorus pentoxide, for a month. 
The average dimensions of the crystals (assumed to be cubic) were measured 
by a high-power microscope. The mass of the salt was 65*4 grams, and its 
total surface area was estimated to be approximately 45.000 sq. cms. 

Argon. — Impure argon and oxygen were sparked between platinum 
electrodes for six hours. Oxides of nitrogen were absorbed by 40 per cent, 
caustic potash and excess oxygen was removed by combining with freshly 
reduced copper at 350° C.. and the argon finally dried over phosphorus 
pentoxide. 

Carbon Monoxide. — 100 per cent, formic acid was added to concen- 
trated sulphuric acid, and the gas purified by passing over caustic potash 
and through a liquid-air trap, and dried by phosphorus pentoxide. 

Methane was prepared for this work by Dr. M. W. Travers from dilute 
hydrochloric acid and aluminium carbide and purified by repeated frac- 
tional distillations. 

Oxygen. — Pure potassium permanganate was heated and the gas 
passed over solid caustic potash and phosphorus pentoxide. 

Nitrogen. — This gas was supplied by Dr. Travers, and was obtained 
from ammonia, which had been purified by fractional distillation, by 
oxidation, using a mixture of copper oxide and copper at 400® C. The 
latter prevents the formation of any oxides of nitrogen. Water vapour was 
removed by condensation in a liquid-air trap. 

Nitric Oxide. — 50 per cent, sulphuric acid was added to a mixture of 
two parts by weight of potassium nitrate, and one part of potassium 
iodide.* The gas was passed over caustic potash and phosphorus pent- 
oxide and condensed into a liquid-air trap. The nitric oxide was kept in 
the liquid state while a further supply of the gas was passed through it, in 
order to remove any nitrous oxide present.* The product was then 
repeatedly distilled and fractionated. The last traces of nitrogen and 
nitrous oxide were removed by t%vice subliming the nitric oxide under a 
pressure of 17 mm., and finally condensing it at 50 nun. pressure. Analysis 
was performed by mixing with pure oxygen and absorbing the nitrogen 
peroxide by monoethylamine.** 

Nitrous Oxide. — Cooled concentrated hydroxy lamine hydrfxhloride 
was added to sodium nitrite solution. The gas was passed through caustic 
potash solution, and concentrated sulphuric, and dried over phosphorus 
pentoxide. The product was fractionated repeatedly, and its purity 
tested by measuring its vapour pressure at — 78*2® C. 

Carbon Dioxide. — This was obtained from sodium bicarbonate and 
dried over phosphorus pentoxide. 

Cyanogen. — I^re mercuric cyanide was heated and the cyanogen 
condensed and fractionated. 

Ethylene. — A mixture of concentrated sulphuric acid and ethyl 
alcohol was heated to 160® C. The gas was p»assed through caustic potash 
solution cooled in a freezing mixture and then firactionat^. 

Apparatus. 

The apparatus, which is shown diagrammatically in Fig. i, consisted 
of a calibrated gas burette, C, two McLeod gauges, M, and Mt, together 

* V/inkler, Ber., 1901, J4, 1408, • Gray, /.C.S., 1905. 87, 1601. 

Koehler and Marquer>Tol, Bull. Soc., 1913, 13^ 69. 
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with the system A, and a duplicate blank one, B. These latter contained 
adsorption vessels, Vj and V„ liquid-air traps, Tj and T„ and mercury 
seals, hd and eg, and were such that their total volume and total gla^ 
surface were the same. Pointers, a, b, c, d, e and /, etc., were fused into 
the seals in order that the mercury levels could be adjusted to dehnite 
positions. The v<^umes of the traps and the vessels were determined 
before being incorxx)rated in the apparatus. All glass tubing was of i cm. 
internal diameter. The apparatus could be exhausted by a glass-mercury 
diffusion pump, backed by a Hyvac oil pump, to a pressure of less than 
I X 10 cm. mercury. The two gauges had a range from 1 x lo*^ to 
I X 10-^ cm., and were accurately calibrated. The gas burette was used 
in the determination of the volumes of the various systems and also for 
the admission of gas during adsorption measurements. 



Calibrations. 

Hydrogen was used throughout, since it is not appreciably adsorbed on 
glass at 90'^ K. {* and *). A known quantity was admitted into the various 
systems from the gas burette, and the volumes calculated by means of the 
gas laws. Extensive calibrations were made in order to correct for the 
thermomolecular flow which iKCurs at temperature junctions at low 
pressures. These are recorded elsewhere,” 

Procedura. 

Outgassing of the surface was cdected by evacuating the adsorbent at 
330® C., for sixteen hours, during which time the trap Tj w^as immersed in 
a bath of solid carbon dioxide and alcohol for the first fourteen hours, and 
in liquid air for the remaining two. The salt was cooled for two hours, 
after which period a small procure of hydrogen was admitted and the 
adsorption vessel immersed in liquid air for an hour. The hydrogen was 
then pumped out. This procedure accelerated the establishment of thermal 
equiitbrium, since otherwise the chief mode of heat distribution in a hard 
vacuum is by conduction through the adsorbent itself, which has a low 

** Tompkins and Wheeler. Ttam, F^tadmy Soc,, 1933. *^4^. 
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thermal conductivity. The cooling process had no effect on the ma^itude 
of the adsorption, but without it, spurious rate curves had been obtained 
with the first admission of the adsorbate. 

During adsorption measurements, the system B, was cut off by the 
U-seal, eg, and after outgassing and cooling, the pumps and the vessel, 
Vj, were isolated by the seals, a and b. Gas was admitted from the gas 
burette and the seals levelled to e and /. From the pressure recorded in 
the McLeod gauge, the amount introduced was calculated. This was 
expanded into the system, A, and the equilibrium pressure recorded. This 
is not the pressure in the gauge, since corrections have to be applied for 
thermo-molecular flow. From the calibration curves, “ the actuad pressure 
in the vessel, Vj, can be easily found. The amount of gas remaining in the 
gas phase — again with the appropriate corrections — was thus known, and 
the difference of this and the quantity initially introduced, measured the 
adsorption on the salt and on the glass. The adsorbent was again isolated. 



the pressure measured, and a further amount of gas introduced. The 
increase of pressure gave the magnitude of the additional quantity, and 
hence the total amount of gas admitted. This was expanded into the 
system, A, and the amount adsorbed at this higher equ^brium pressure 
calculated as before. The process was repeated until a pressure of 4 X 10 •• 
cm. was reached. The series was then discontinued, since the accuracy 
decreases with each addition of gas. The amount adsorbed, however, at 
any pressure was quite independent of the number of increments by which 
the pressure was built up. Similar measurements in the system, D, were 
made under identical conditions, in order to measure the adsorption on the 
glass surface alone. This was so small that it has been neglected. 

Results. 

Adsorption of Argon. 

The amount of argon ad.sort>ed at any pressure at — 183® C. depends 
largely upon the conditions of outgassing. Typical isotherms (Fig. 2, 


F. C. TOMPKINS 


647 


Ai and At) show that there is a large, but variable adsorption at low 
pressures, but that Henry's law is oli^yed at higher concentrations, and 
that the plots are parallel to one another. It is suggested that the first 
few milli'CX. are adsorbed on high potential areas of the surface such as, 
at re-entrant angles, or linearly sdong the mouths of Smekal cracks. Out- 
gassing, therefore, afiects the potential and extent of such areas, but the 
main surface is unaltered. 

After a carbon monoxide isotherm had been determined, the adsorp* 
tion of argon was reversible and reproducible, but the amounts were smaller 
in magnitude than in any previous determination. The strongly un- 
saturated carbon monoxide, which covers nearly all the surface, had 
probably partially poisoned the active centres, and outgassing at 350® C. 
was ineffective in removing it. Even when the temperature was raised to 
500® C., the in i t ial portion of the argon isotherm was practically unchanged, 
thus showing that these active areas had not been affected. The car- 



bon monoxide isotherm, however, was lowered. Sintering had probably 
occurred, causing the coalescence of micro-crystals on the main surface, 
thus reducing the effective area of the absorbent. Argon isotherms deter- 
mined subsirquent to this, were also lower than those previously obtained. 
This was probably due to an increase in the poisoning action of carbon 
monoxide. Methane isotherms also showed a decrease, stmilax to that of 
carbon monoxide. The adsorbent was then treated with oxygen at 
500® C* in order to remove the carbon monoxide chemically as carbon 
dioxide, but this caused a further decrease in the adsorption of argon. 
Treatment with hydrogen and also with carbon monoxide at 350® C., had 
no effect. Chemisorption, or surface chemical reaction with the fonnatio]i 
of a small amount of so^um oxide had probably occurred, since the 
introduction of hydrochloric acid gas restor^ the surface to its origmal 
condition after a further outgassing. Although the surface ^vas probably 

*• Lange and Dfirr, Z, Ekktrocktmit , 1926, 3J, 85. 
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slightly contaminated with carbon monoxide, no further attempts were 
made to clean it. Argon isotherms, which were periodically determined, 
showed however that it possessed constant adsorptive capacity and remained 
in a steady condition throughout all subsequent measurements. 

Adsorption of Argon, Methane, Oxygen, Nitrogen, etc. 

Isotherms obtained with these gases on the above surface at 183® C* 
are collected together in Figs. 2 and 3. The adsorption of all of them at 
— 78*2® C. was too small to be measured. Fig. 4 gives isotherms obtained 
with cyanogen, nitrous oxide, carbon dioxide and ethylene at this latter 
temperature and on the same surface. 

A few measurements with argon, methane and carbon monoxide were 
made at — IQ2® C. (liquid nitrogen), in order to obtain values for the heat 



of adsorption, by comparing the amounts adsorbed at — 192® C., and at 
— 183® C. The argon isotherm at — 192® C. differed from that at the 
higher temperature only in the magnitude of the initial process, and the 
plots were parallel at higher pressures. Consequently, there is no change 
in the amount adsorbed with temperature in this region and the calculate 
heat of adsorption is zero. A value of 300 Cals, was obtained with methane 
at higher concentrations. Bawn {loc, ctl.) gives 334 Cals, for the heat of 
adsorption of this gas on mica at low temperatiures. In the present in* 
vestigation a heat of 350 Cals, was found for carbon monoxide, and this 
remained constant throughout the pressure range studied. In his theo* 
retical calculations, Lennard*Jones » has given 3000 Cals, as the heat of 
adsorption of argon on sodium chloride, but with the later data of London, 
this has been reduced^* to xooo>i5oo Cals. Wilkins** finds that the 

** London, Z. fkysik. Ckem., 1931, 11 B, 222. 

** Lennard* Jones, Trans, Faraday Soc., 1932, s8, 333. 

** Wilkins, tbid,, 1932, a8, 438. 
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latter figure is in better agreement with his experimental results. Lcnel,^* 
however, supports the former, both theoretically and experimentally. He 
has. however, assumed that the I^angmuir equation is applicable, and, 
moreover, no correction was made for thermo-molecular flow and the 
.adsorption was measured at low concentrations, where higher values are to 
•be expected, since high potential areas are covered initially. 

It is perhaps a coincidence, rather than significant, that the same type 
of isotherm is obtained with gases which are is<jsteres. The isotherms of 
oarbon monoxide and nitrogen, and of carbon dioxide and nitrous oxide 
loUow the I..angmuir equation closely ; those of oxygen and ethylene obey 
the Freundlich expression, and thr)se of argon and methane show similar 
characteristics. 

Discussion. 

A quantitative treatment of the a(J.-orptivc forces, which are operative 
at the surface of heteropolar cr\'stals, has been given by Leonard -Jones. 
They comprise (a) van dcr Waals, (»r dispersive forces, which according 
to London,** are approximately proportional to the square root of the 
van der Waals constant, a, and wliich represent general forces of adhesion, 
analogous to gravitation ; (b) electrostatic for< 0, which become im- 

portant when the adsorbent is a metal, or is 1 omposed of ions and the 
adsorbate is polar ; (c) polarisation f<»ne.-, wliich are produced by the 
surface field inducing a non-uniform charge distribution in the adsorbed 
molecule ; and lastly, (d) a much smaller force, which Iras not, as yet, 
been evaluated and which repre>ent> the reaction of the adsorbent to 
the charges on its surface. It is shown liy London (loc. cit) that the 
adsorption on amorphous substances largely controlled by the van der 
Waals forces, but the electrostatic force?- are the more important in the 
adsorption of gases on metals (I^mnard-Jonc' . The calculations of 
Leonard -Jones emphasise the small contribution of the electrostatic 
forces in the adsorption on cr\>tal -urfa‘.e>. and therefore tlie adsorb- 
ability of gases on sodium chloride >houlcl follow the magnitude of their 
respective van der Waals a constanr>. and thus be comparable to that 
on homopolar adsorbents. 

Table 1 . gives the adsorption ot nitre oxide, carbon monoxide, 
methane, nitrogen, argon and oxygen at - 18 r and of cyanogen, 
carbon, dioxide, nitrous oxide and etiiylcnc at — 78*2'^ C., in c.c. at 
t\ and 760 mm. pressure, at pressures ot i and 2 cm. mercury, 

together with the comparative data of Hawn and Langmuir for the 
adsorption of gases on mica at - - 1183' t . Tiiese latter figures represent 
the percentage saturation, i e, the percentage of the surface covered at 
saturation. The amoimts of metliane, carbon monoxide and of argon 
adsorbed on the glass in the present sene> at — I83'' C., at i X lo~* cm. 
pressure arc also given. The remaining columns give the values of the 
pelarisibility of the gases, according to London,** the van der Waals 
a constant, and the electric moment of the dipole molecules in the 
appropriate units. 

With all gases, the amounts adsorl>cd arc small and since there is 
always a rapid attainment of equilibrium, the process entirely reversible, 
and the heats of adsorption are low, the adsorption must l>e van der 
Waals in character. There is however no simple reLitionship between 
the van der Waals constant and the adsorbability, such as that indicated 
by London and suggested by the calculations of Ltmnard-Jones. Atten- 
tion ]$ drawn to the extremely large adsorption of the two polar gases, 

Lcnal* Z. physik. Ckfm.. iq33. 23 B* 379, 

^3 
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TABLE I. 


Gas. 

T’C. 

Adsorption in c.a N.T.P. 

*/« Saturation. 

OX xo**. 

a :< 10®. 

M X ro**. 

On Salt. 

On Glass. 

Mica. 

Press. 

Press, 

Bawn. 

Lang- 

muir. 

0*01 cm. 

o'02 an. 

o'ox cm. 

NO 


1*07 

1*22 



■I 


- 

267 

o*i6 

CO 

-183° C. 

0*594 

o*8io 

0*0006 


038 

.... i 

296 

0*10 

CH4 

-183" c. 

0*064 

0*089 

0*0059 

wjju 

0*68 

2*58 

449 

0*00 

N, 

-183° c. 

0*040 

O*O 02 

— 


0*22 

1*74 

^77 

0-00 

A 

-183° c. 

00055 

0*0100 

0*0003 

0*30 

0*17 

*•57 

268 

0-00 

0, 

-183" C. 

0*0041 

0*0082 

— 

0*23 

0*1 1 

1 •03 

276 

0*00 

(CN), 

-78*2X. 

0*065 

0*0832 

— 

— 

— 

, — 

i *528 

0*30 

CO, 

-78-2X. 

0*0230 

0*0330 

— 


— 

— 

716 

0*00 

N ,0 

~78-2X. 

I 0*0121 

0*0174 

, — 


— 


754 

0*17 

C,H 4 

-78-2X. 

1 0*0043 

0*0070 


B 


“ i 

f 889 

0*00 


nitric oxide and carbon monoxide, at — 183® C., although the value of 
their a constants are smaller than that of methane, which is not strongly 
adsorbed. This peculiarity seems to be confined to heteropolar surfaces, 
since the results of Bawn on mica, and of Duran * on sodium cliloride at 
o® C., show that carbon monoxide is more highly adsorbed than methane, 
whereas the reverse is found on glass, and on charcoal. It must, 
therefore, be concluded that it is the electrical forces occurring at the 
heteropolar surface, together with the dipole character of the adsorbate, 
which largely decides the amount of gas adsorbed. The dipole moment 
is again the important factor in the adsorption of gases at — 78*2® C., 
with the exception of carbon dioxide which is discussed later. Cyanogen, 
for example, has the largest moment, and is most highly adsorbed, 
whereas the adsorption of thf non-polar, unsaturated ethylene is ex- 
ceedingly small. The dipoles carried by polar molecules, however, will 
contribute only in a minor degree to the value of the van der Waals 
constant, owing to the random movement of the molecules in the gas 
phase. Since the magnitude of this constant determines the adsorb* 
ability of a gas on a homopolai adsorbent, the possession of a dipole 
moment will cause little increase in the amount of gas adsorbed. With 
a heteropolar surface, dipoles are attached to it in an oriented manner, 
and thus considerably increase the electrostatic force, and so cause a 
large increase in the adsorption. 

Nevertheless, the theoretical curves giving the variation of van der 
Waals and electrostatic forces as functions of the distance of the adsorbed 
molecule from the s\irface of a crystal,’ show that the contribution of 
the latter to the total adsorption potential, at the normal equilibrium 
distance of 3 to 4 A., is much less than that of the van der Waals forces. 
The electrical forces are short ranged in effect, but, since they increase 
with extreme rapidity, they become the larger at smaller distances. 
The great effect produced by the presence of small dipoles on the ad- 
sorbability of the gases on sodium chloride, suggests that a closer approach 

y Arrhenius NobelinsL, a, 7, (As to adsorption on glass, see 

Table I, above») 
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of the molecules to the surface occurs. This is possible from spatial 
considerations, but it would necessitate a large increase in the heat of 
adsorption, unless there was a correspondingly large increase in the 
electrostatic repulsive forces, Herzfeld has shown that these would 
contribute a large negative part to the total heat and would also 
fix the equilibrium position. They are certainly important in the ad- 
sorption of gases on metals, and in such systems the electrostatic forces 
do account for the greater part of the adsorption potential, as, for 
example, in the adsorption of nitrogen on copper.^* A metal, however, 
is a perfectly polarisablc system ; nevertheless, there must be a similarity 
in the surface fields of metals and ionic crystals, since a metal is built 
up of a lattice of positive ions with free electrons approximately uniformly 
distributed between them. This similarity is emphasised in the above 
results, where it is seen that the electrostatic forces control to a large 
degree the magnitude of the adsorption. It must, therefore, be con- 
cluded that, either the approach of the adsorbed molecule to the surface 
is closer than has hitherto been assumed and that there are large electro- 
static repulsive forces operating, or, that a cr>^stal acts as a pseudo- 
polarisable system, and that the method of electrical images is applicable 
in the estimation of the electrical forces to the ad.sorption potential. 
This latter assumption has been used in a general manner by Magnus in 
his electrical theor>' of adsorption, 

In the adsorption of non*polar gases, the polarizability of the adsorbate 
is the most important property, as has been deduced by London in his 
dispersion theor\\^* Methane (Table I.) is the most highly adsorbed, 
and is the most easily polarisable, w’hereas oxygen and argon with low 
polarisabilities are adsorbed approximately to the same small extent. 
No simple quantitative relation of adsorbability and polarisability is ex- 
pected, since the equilibrium distances of the adsorbed molecule vary 
with the gases, and also because the forces operating are not simply due 
to a mutual polarisation of like molecules, but to forces acting between 
molecules of tlie adsorbate and two systems of oppositely charged ions 
on the surface. 

The adsorption of the non polar carbon dioxide is “ abnormal ** in so 
far as the amount adsorbed is larger than that expected from its polaris- 
ibility. It is probable that this molecule, being linear in structure, 
becomes attached by the oxygen atoms at two points when adsorbed, 
and lies flat on the surface. The surface field of the crx^stal induces an 
electric charge in one of these, and this is transmitted through the 
molecule wath the result that a charge of opposite sign is produced in the 
other oxygen atom. Since the distance between the sodium and chlorine 
ions in the cr^'stal lattice approximates to that between these two atoms, 
each of these latter will be in the vicinity of an ion carrying a charge, 
which is opposite in sign to that of the neighbouring oxygen atom. The 
forces wluch are holding the molecule to the surface will therefore be 
considerably increased, and the rate of evaporation retarded. This 
phenomenon should occur whenever the distance between two like atoms 
of a linear non-polar adsorbate molecule is about the same as that betweem 
two different ions of a crystal surface lattice. Nitrous oxide, on llie 
contrary, is polar, and the molecule does not lie flat on the surface, since 
oriented adsorption occurs. 

*• Hersfeld, LA.C.S-, loaq. Bif 
Magnus, Trans, Faraday 1932, aS, 386. etc. 
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The sharp initial rise in the argon and methane isotherms has been 
identified with adsorption on active centres. Since the calculated heats 
of adsorption in the higher pressure range are either low, or zero, it is 
probable that all of the adsorption occurs on active patches and the 
straight part of the isotherm at higher pressures merely represents the 
complete saturation of such patches. The initial adsorption has asso- 
ciated with it a heat of adsorption, since the amtamt adsorbed in this 
region varies with the temperature ; the linear adsorption, however, docs 
not change with the temperature with argon, and only slightly with 
methane, as is expected if the additional gas only saturates these active 
areas. The adsorption of these gases will take place in the neighbour- 
hood of the smaller sodium ion, where the external field is a maximum. 
Consequently, repulsive forces will act between similar dipoles which arc 
induced in adjacent adsorbed molecules, and these forces will mainly 
determine the shape of the isotherm. FucJis ^ has shown that i.sotherms 
of the same type as found in this work with argon and methane are 
obtained when such repulsive forces are assumed in a hypothetical one- 
dimensional adsorption, rhe presence of small higl) potential areas is 
expected to have little efiVet on the carbon monoxide i^otJ)erm, since 
most of the adsorpticjn is on the main crystal surface, which must be 
approximately equipotential. Ihis is confirmed by tJie constant heat of 
adsorption and the applicability of the Langmuir equation throughout 
the range of measurements. 

The shape of the nitric oxide isotherm indicates tlic presence of large 
attractive forces between adsorbed molecules,*® and is comparable to 
that found by Polanyi and Welke with sulphur dioxide on charcoal. 
Nitric oxide cov'crs about 90 per rent, of the measured surface at satura- 
tion so that the adsorption must occur over both ions of the crystals. 
Consequently, induced dipoles of opposite sign are adjacent on the surface 
and this orientation produces a large attraction between the adsorlx'd 
molecules, which will be further increased, particularly at low tempera- 
tures, by the presence of tlie strong electric field at tlic surface. Since 
there is evidence, for example, from specific heat ** and vapour pressure 
measurement,*® and from the high 'fronton constant and the abnormal 
density at the boiling-point,*® of the association of nitric oxide in the 
liquid and gas phase at low temperatures, and since the attraction is 
much larger when the gas is adsorbed, molecular aggregates are probably 
formed in the surface layer. At low pressures, Henry's Law is obeyed 
(Fig. 3). This linear portitui reptesents the adsorption of simple NO 
molecules, but in the region wliere the curve rises abruptly, association 
begins, and as the curve bends over in the normal manner towards 
saturation, only doublet molecules arc adsorbed. It is seen, for example, 
that the Henry region ends when 0*35 c.c. of gas has been adsorbed, and 
that the bending over commences when twice this amount lias l>ccn 
taken up by the adsorbent. 

The adsorption of all gases at — - 192° C, anti — (*. was almost 

instantaneous, but at — 78*2^ C., a very slow secondary process wa.s 
found with the highly adsorbed gases. The critical temperature of 
lateral diffusion must therefore be within these tW'O limits. This is in 
accord walh the value {150° K.) found theoretically by Lcnnard-Joncs.*^ 

**• I’uchs, A, phystk, Chem,, 1033, 235. 

Polanyj and Welke, ibtd., 192H, 132A, 371. 

** ThreefaU, Phtl. Mag., 1887, 33, 223. 

*• Adwentosky, Buii. Acad. Cracow. 190a, 742, 
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Summary. 

1. The adsorption of ten gases on sodium chloride crystals at low tem- 
peratures and pressures has been investigated. 

2. The surface is \'ery sensitive to impurities and to variations in the 
conditions of outgassing. 

3. Dipole gases are highly adsorbed according to the value of their 
electric moment ; there is a parallelism Ixjtween the adsorbability of non- 
polar gases and their polarisability. 

4. The shape of the isotherms are (qualitatively explained by assuming 
that there are forces operating between adsorbed molecules. Association 
of nitric oxide occurs in the surface layer, and carbon dioxide lies flat on 
the surface when adsortxHl. 

5. The heats of adsorption of argon and methane and carbon monoxide 

in the temperature range — 183'^ — 192^ C. are much smaller than antici- 

pated from theoretical considerations. 

b. There is no lateral diffusion of adsorbed molecules at — 192® C. or 
at — 183® C.. but a slow secondary absorption is found at — 78*2® C. 

The author willies to express his thunks to Professor W. E. Garner 
and to Professor A. J, .\llmand for constant interest and advice during 
the course of the investigation ; and also to the Dept, of Scientific and 
Industrial Research for a maintenance grant and to the Imperial Chemistry 
Industries for a grant for the purcha.se of apparatus. 
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NOTE ON THE SURFACE TENSION OF SOAP 
SOLUTIONS. 


Bv N. K. Ad.am. 


Rci nveti ilih Febrmiry\ 1936 . 

Most of the recorded ob>erv;iiions on the Mirfacc tension of soap 
solutions are on carefully neutralised solutions. The results of different 
workers, and even oi the same worker undei slightly different conditions, 
are not very romordant, and Lotlcrmoser and bis co -workers ^ have 
found that carbon dioxide in the air causes a slow decrease in tension, 
in some solutions, and that the nature and treatment of the glass vessels 
containing the solutions affects the tension. He ascribes this to hydro- 
lysis of the soap, and ( OTuiudes that it is very difficidl to obtain repro- 
ducible results for the surface ten>ion of soap solutions. A change in 
the small amount of hydrolysis in the interior may be expected to 
produce a vcr\'^ considerable change in the equilibrium l>et\vcen interior 
and surface, if the free acid, or acid soap, produced by hydrolysis is 
much more strongly adsorbed than the netUral soap. Since the COOH 

^ Trans, faradav Sor . • Kollma-Z,, 1935, 73 » *55. ^7^ ; KoUoid- 

BMe/ie, 1935, 5b 73- 
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group has a much smaller attraction for water than COONa, it is to be 
expected that free acid will be more strongly adsorbed than neutral 
soap. It has, moreover, been shown, by analysis of the foam on soap 
solutions, by Perrin,® Miss Laing,® and Laing, McBain and Harrison,^ 
that the soap present in tJie surface layer of neutral soap solutions con- 
tains a large excess of acid ; that obtained from a slightly alkaline 
solution is, however, neutral. 

The effect of the addition of small amounts of alkali to soap solutions, 
on the surface tension, can also be explained if the free acid, or acid soap, 
produced by hydrolysis, is much more strongly adsorbed than the 
neutral soap. Harkins and Clark,® Ekvvall,® and Powncy ’ found that 
the tension of “neutral” soaps is of the order 20-25 dynes per cm., 
this tension remaining practically unchanged (with a soap of twelve or 
more carbon atoms) as the concentration increased from Nj^ upwards. 
Addition of a very' small amount of alkali increases the surface tension 
very rapidly, to a maximum which is about 62 dynes per centimetre for 
a N/sm potassium laurate solution, but decreases as the solution be- 
comes more concentrated. Rather more alkali must be added to reach 
this maximum of tension, the stronger the solution of soap, but the 
amounts required are quite small. If alkali is added in quantities 
much greater than that necessary to reach the maximum of tension, 
the tension decreases slowly and almost linearly with increasing alkali 
concentration ; but it always remains far above the tension of a neutral 
soap solution. 

Qualitatively, the ver\' low’ tension found with the “ neutral ” solu- 
tions is that appropriate to a solution with a surface layer practically 
saturated with adsorbed molecules ; as the tension is very much raised 
on adding a little alkali, which suppresses hydrolysis, the adsorbed 
layer is probably mainly acid or acid soap. The maxima of tension 
probably occur where the alkali is just sufficient to suppress hydroIy.’?is 
practically completely ; more alkali has to be added to the .stronger 
solutions to reach these maxima beciiuse more is needed to suppress 
the hydrolysis. The equilibrium between interior and surface now 
concerns neutral soap molecules only, and the s\irfacc is not nearly 
saturated at Nj^ nor is it completely saturated even at NJ^. 

A close approximation to the true surface tension -concentration 
cur\’e for a solution containing no capillary active molecules except 
neutral soap is probably given by plotting the maxima of curves such 
as those given by Fowney * against the concentration of soap (potassium 
laurate). From the surface tension-concentration data the state of the 
adsorbed film may be deduced by Gibbs* adsorption equation. In the 
table, the molar concentration m, the activity coefficient /, given by 
Randall, McBain and White * (interpolated as for a dilute uni-univalent 
electrolyte), the depression of surface tension F, given by Powmey, the 
adsorption F calculated by (iibbs* equation from the slopes of the smoothed 
curve relating F to log /m, and the area per molecule in the adsorli)ed filrn^ 
are given. 

* Ann, Physique, 191S, io» 182. * Proc. Hoy, Soc„ 1925, lOpA, 28. 

* 6 tk Colloid Symposium Monograph, 1928, 63. 

Amer, Chem. Soc,, 1925, 47, 1854. 

^ Acta Acad. Aboensis (Math. Phys.), 1927, 4^ 6. 

’ Trans, Faraday Sot., 1935, 3 ** 1510. 

• Fig. 6, p, 1517 of paper cited. 

•7, Amer. Chem. Sac., 1920, 48, 2517. 
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ConoentiAtioQ 
(Moles per Litre}, 

m. 

Activity 

Coef^cient, 

Depression of 
Surface Tension, 
F. 

Absorption: Molecules 
perSq. Cm., 

r. 

Area per Molecule, 
Sq^A., 

0*0021 

0*95 

XI*I 

2*59 > 10^* 

38*6 

0*0042 

0*93 

19*8 

2*92 .. 

34*3 

0*0084 

0*90 

25*9 

3*13 

319 

0*0120 

0*88 

30*7 

3 ‘ 4 ^ 

28*9 

0021 

0*85 

1 

38-2 

3 * 7 » 

26*5 


The relation between F and A is that of a typical “ gaseous *’ film 
under rather high surface pressure. The surface is not completely 
saturated even at the highest of the concentrations here measured. 

The slow decrease in surface tension observed when much larger 
amounts of alkali are added is perhaps due to incipient salting out of 
the soap ; it would be interesting to sec whether neutral salts produce 
the same effect as the alkali added in excess of the amount required to 
reach the maximum of tension. 

The fact that the tension in neutral solutions at concentrations as 


low as Nl^ has readied the minimum of 22 dynes per centimetre indi- 
cates that the acid, or acid soap, is exceedingly strongly adso rbed. 

Assuming the usual formula for the fraction hydrolysed, 


taking the dissociation constant of laiiric acid as 1*4 X 10“*^, the 
concentration of undissociated lauric acid in the interior of the 
soap .should be about 1*2 X A'. A solution of lauric acid in water 
containing thi>-> concentration of undissociated acid would have a total 
concentration of 5*3 X lO"* A\ if the above dissociation constant is 
as:>umed. 

Frumkin'^ data ’ on the surface tension of solutions of lauric acid 
give, at a depression of about 22*5 dynes per centimetre in w'ater 
for this concentration. This is smaller tiian the change in surface ten- 
sion (about 40 dynes) caused by suppressing hydrolysis in N potassium 
lauratc ; but Frumkin also says that very much greater depressions of 
tension were obtained if the lauric acid solutions had their surfaces 
contracted just before taking the me.asurcmcuts : moreover his method 
of measurement, withdrawing a vertical thin plate from the surface, 
would be likely to extend the surface, reducing the surface concentrarion 
of the adsorbed molecules, whicli would be but slowly made up in these 
very dilute solutions ; there is a probability that his results for the 
tension arc too high and for the depression of tension too low. At any 
rate^ it can be said that the amount of acid produced by hydrolysis in 
a '' neutral soap solution w^ould be expected to produce a ver>^ large 
lowering of surface tension. 

The very great magnification of hydrolysis in the surface layer, due 
to the much greater surface activity of the acid over that of the soap, 
renders experiments on the surface properties of ** neutral '' soap solu- 
tions liable to unexpected errors. It would therefore appear desirable, 
in ineasuring any surface properties of soap solutions, to add sufficient 
alkali to suppress hydrolysis, or at any rate to take very great care that 
the p% of the solution is exactly controlled. 


physikaL Chtm,, 1925* n6, 4S2. 
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Summary* 

The effects of slight traces of alkali in raising the surface tension of 
soap solutions are explained as due to suppression of hydrol3rsis, which 
is very much magnified in the surface layers, since the surface activity 
of the acid, or acid soap, is very much greater than that of neutral soap. 
The adsorption of neutral potassium laurate is calculated from publishecB 
data, and the adsorbed film is found to be gaseous, of the usual type- 

I am indebted to Mr. G. S. Hartley for helpful discussion. 

The Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry, 

U n iversiiy C allege^ 

London, IV. C. i. 


THE KINETICS OF POLYMERISATION 
PROCESSES. PART II. 

By Geoffrey Gee. 

Received yd February, 1936. 

In an earlier paper ^ the kinetics of polymerisation processes was 
discussed, and reasons were ad\*anced for the view that in many cases 
a steric factor is the important factor in controlling the size of the final 
polymer. A similar view lias been put forward by Bawn,* while Dostal 
and Mark* do not consider that the steric factor can be much affected 
by chain length. It is perhaps necessary' to point out here that the 
definition of steric factor ” employed in Part I. leads to an unusual 
interpretation of the reaction velocity constants. The equations arc 
there derived in terms of the number of molecules of the polymer 
reckoned in terms of the monomer, so that is proportional to the 
mass of Mr and the velocity constant kf (for the addition of M to 
is thus defined in terms of the masses of the reactants. To transform 
from this system 10 the more conventional one which employs molecular 
concentration it is dearly necessary to introduce a factor I jr. The net 
result of carrying out thi^ process js to multiply the steric factor by f\ 
so that the equations given in Part I. for a process with a steric factor 
i/r are strictly comparable with those derived by Dostal and Mark.^ 
By the introduction of a function Z termed the Eigenzeit these authors 
were able to give a rigid integration of the differential equations set up 
for the concentrations of the various polymers, and to obtain expression 
for these concentration^ in terms of Z. As Z is not directly measurable 
their results are not immediately applicable to experiment and it therefore 
appears desirable to give here a few notes on the relationship between 
the results of the two methods of analysis before proceeding to discuss 
other polymerisation niediaihMTi<. 

* Get* and Rideal, 7 ran , Tnrada\ Soi . 1935. 3 G 9^9- 

* Bawn, %btd., 1930. 32, 

* Dostal and Mark {a) Z phy^th. Cht m. 1935, 29B, 299 ; (6) Trans. Faraday 
^oc,, 1936, 32, 54. 
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In this paper we shall modify slightly the nomenclature of Part L 
since it will be necessary to distinguish between active and inactive 
polymers. We shall therefore denote the various inactive molecular 
species by M, M, . . . ; the corresponding active bodies 

by M/ M3' . , . My' • • • ; and their concentrations (in terms of 
monomer) by Uj tt^ • • ; n( Wj' . . . n/ . . . respectively. 

U N are respectively the numbers of molecules present initially and 
at time t, then obviously 

np = (K| + Hi) 4* (Wj + n^) 4- • • • 4- (^r 4* w/) + • • • » (0 
JV = (nj + 4- J(wj 4- wj') 4- ... 4- ^(«y 4- w/) 4“ * • • (2) 


In the case so far discussed the only inactive body present is Mi, so that 
— Wj — . . . Wy o, and the reaction is represented by : 

Mi->Mi' ] 

M/ 4 Mi-^M 3 ' . . . . ( 3 ) 

M/ + Mi->MV.J 


The velocity constant of the activation reaction is etkn^ as before ; 
the other reactions all have a velocity con’^^tant K (in terms of con* 
cent rations), so that wc have 


- ^ -t- «i' -J- i«s' 

--- - «,') 


kIh/ 

cL* 






We now jntroduce the (unction Z, defined by 

Z-=A:£n,df (5) 

This differs from Dostal and Mark’s definition by the factor and thus 
obviates the dintensional difficulties of their paper by making it clear 
that Z is a pure number. In a similar way, Dostal and Marks constant 
a** is replaced hert? by awp where a is unambiguously a fraction. It 
can then be shown * that 

7«r' =^ano'~'^2r: • • • ■ 

r 

- Mo{* — — JaZ*« . . . (y) 

N Mo(i -- i*2*) . . . (8) 

* The deiivatioQ follows ffie method of Dostal and Mark ; the slight change in 
equation (6) arises because these authors have made the unueceasar>' appremma* 

tion of putting « o. 


23 
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It was shown in Part I, that the mean chain length v of the polymerised 
fraction is given by : 


p z= 


N -- Hi 


(9) 


and combining with (7) and (8) we find 

V = I + . (10) 


so that Z is approximately equal to twice the mean chain length of 
the polymerised fraction. 

Combining these results with those of Part I. it is easily shown that 
the reaction velocity is given by : 


dA" 

dt 


laA'MJNji + 

®L I V 2*no / 



(n) 


or in terms of the fraction polymerised I ~ 


Ti/ 


= aA'no(* — x)yl I + 


2X 


(12) 


wdiile the mean chain length v is found to be 



0 ^ ^ 

2 aWo 


1*.^) 


By differentiation of (11) it is easily shown that the condition for the 
velocity to be a maximum is 



2 

3 


4a I 
9 I 


I — y I -f 



(14) 


This means that for any probable value of a the maximum occurs when 
about one-third of the material has been polymerised, so that the 
suggestion advanced in Part I. that the observ’ed shift o! the po:»ition 
of this maximum is to be attributed to the size of the final polymer 
requires modification. We shall return to this point later, but we may 
discuss here the case where the maximum occurs after more than i 
polymerisation. By an extension of the methods of Part I. it is easily 
shown that the velocity of a polymerisation chain in whicli the constants 
of the successive stages (after the first) decrease according to the law' 



is given approximately by 


diV 

(It 


jp(xVv-n,)(no- A) 


(i6) 


so that the condition for the 



cur\T to become parabolic is 


const., a condition which will be fulfilled for reactions in which 
a large steric factor is operative. 

We now propose to consider some cases in which other methods of 
chain termination become important. It is evident that if the rate of 
propagation of the polymerisation chains is large compared with the 
rate of initiation, any factor which tends to deactivate the growing 
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polymer will become of great importance, and we may thus divide 
polymerisation processes roughly into three groups : 

(i) The type already considered where the steric factor exerts the 
controlling influence on chain length. 

(ii) Cases where the ratio of propagation rate to initiation rate is 
so large that the chain length is governed almost entirely by factors 
leading to deactivation. 

(iii) Intermediate cases where both mechanisms play comparable 
parts. 

A qualitative discussion of the various mechanisms w’hich may lead 
to deactivation has been given by Ridcal,* and the view that such a 
variety of processes may™ under different circumstances — play an 
important part is .supported by the apparent complexity of the phenomena 
described by the workers taking part in the recent Faraday Society 
General Discussion.** The quantitative application of these ideas has 
been commenced by Melville,* in a study of the photopolymerisation of 
acetylene and by Norrish and Carruthers,’ who have investigated the 
thermal polymerisation of formaldehyde in the presence of formic acid. 
In the following pages w^c shall discuss the behaviour of polymerisation 
processes in which the growth of the chains is terminated in various 
ways, and consider th-^ application of the results to experiment. 


Case II. The Chains are Terminated by ^^Spontaneous'* 

Deactivation. 

lender this liending we may include any mechanism which is inde- 
p<Tideni of collisions with other reactants, such a,s a reversion of the 
active group to a stable inactive form, or the collision of an active group 
with the wall. 

The growth of the polymer is represented as before by reactions (3), 
while its tennination occurs by : 


The velocity constants of these reactions (17) we shall ;?s 3 ume to be 
constant and to be related to those of reactions {3) by the factor \n^: 

kr^K.Xfi^ , . , . (18) 


The rates of formation of the various molecular species can now be 
written down and the total rate of reaction obtained by tlie relationship 


== ^,(«i + O + “ + «i') + • • • + ; j/«r +«/) + • • • (19) 


A simplification can be made at this point, since our discussion is to be 
confined to cases w^here the rate of chain initiation is .small compared 
with the rate of termination («<<A) and the chain length is thus 

* Hideal, 7'rafis. Faraday Soc., 1936, $3, 3. 

•General Discussion on Polymerisation, i6ui.. 1936, 3J, 1-412. 

• Melville, t 93 *** 3 ^. 258 ; Rideal, JP.R.S*, 1934, «46A# 268. 

’ Norrish and Carruthers, Trans. Faraday Soc,, 1936, 3a, 195. 
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governed by the latter process. It is therefore permissible to write 
stationary state equations for the concentrations of all the active bodies 
involved, so that (19) reduces to : 


d^ d^ 2 d^ ‘ r d^ * 

It is easily seen from (3) and (17) that, for r > 2 


■ (20) 


• ( 21 ) 


' = A'j^Anjn/ — + i'‘z + • • • + (22) 

whence ^ + (i — “) 2 J”--'] • • (=3) 


To evaluate we write down the stationary state cquation^ for all 

the active bodies, and sum : 

dtii _ '/ 1 ^ 1 




o 4 A«o) 

dn/ I , i , V N 


00 00 

Adding aMo«, + >1, ^ (”i 4 - An,) - n/ 


whence 


^ I , a 


Combining this equation with (23) we find 

diV 


d/ " A 


or, in terms of -r, 


J.r a,, , j,/I + 2A — i:\ 


We next wish to know ho%v the mean chain length v of the polymerised 
fraction varies during the reaction. Wc have, by differentiation of 
equation {9) 

. • (= 7 ) 

dwi — «i\ d«,/ 

, d.V , iWldl Ano 

Then i : — — I : — 77; — — . . (25) 

dnj^ dnji/d/ tij + 2 An^ 

Substituting from (28) in (27) and integrating we obtain finally 

" In, + 2 mJ 


■ (29) 
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Case III. The Chains are Terminated by Collision with 
a Molecule of Monomer. 


Analysis of the kinetic data obtained in the photopolymerisation of 
acetylene has been shown by Melville • to lead to the conclusion that 
collision between a growing polymer and a molecule of monomer may 
lead either to chain growth or deactivation, and a similar mechanism 
has been found by Norrisli and Carruthers ’ to be operative in the 
polymerisation of formaldehyde. It would thus appear that this may 
be a mechanism which is frequently of importance, and we shall now 
proceed to a kinetic analysis. 

Chain growth is represented as before by (3), but (17) must be 
replaced by 


Ml' 4 Ml Ml + UA 
Mj' 4 Ml + Ml 

M/ t Mi-^M^-f Ml 


(30) 


The velocity constant of any of these reactions (assumed the same) 
is given by k/ y , K . . . . (30a) 

where y is a constant. 

The analysis follow.s exactly the same lines as before, and it is found 


that 

l\X odfCrif^ni 

d/ y 

• 

• (31) 

or, in terms of .v, 

dt ~ yfi 4- y) ^ ^ 

f 

• (3I«) 


y 

• 

• (32) 


This last equation is identic;il with the result found by Melville. 


Case IV. Partial Deactivation. 


In ( ases II. and III. we have as.sumed that the size of the polymer 
is controlled completely by the deactivation process, while case L on 
the other hand neglects this entirely. It is clear that intermediate 
cases must exist and indeed are probably very general. The problem 
now becomes much more difficult since no stationary state equations 
can be employed, but by making use of the Z *’ function (equation (5)) 
the mechanism of Case III. can be re -investigated, as follows ; 

It is easily shown that 

~ ~ ■ • • (33) 

where the various terms arc given by 

— an, — (1 + y)*>i 1 


» <!«,' 
2 dZ 


>‘t - i{‘ + y)«*' I 


r dZ r — I 


L±J'« 


( 34 ) 
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whence 


1 , , a«o 

I - |i + Z(H- y) 4 1^(1 4 y)* 4 . ■ • 


~(i+ y)' 




( 35 ) 

Combining equations (33) and (35) and summing to r 00 



^ ■ ■ ■ 

(36 

whence 


( 37 ) 

Similarly 

dMi _ awo/', 

dZ ~ y V 1 4 - y/ 

(38) 


Poi^rntmofioft with 5ponfoneous Dtochlofion^ 
1,1, ODf 

I. fi %rD0i fCfparril 



and 





I 

y{i + y) 



( 39 ) 


Subtracting (39) from (37) and dividing into (39) we can find the chain 
length V from equation (9). The result is 


L+Z/i _ .Lz_lZ!i\ 
y I ^y(i + y)J 


(40) 


Equations (36) and (38) can now be combined with (5) to give the 
velocity of polymerisation as a function of Z : 


dx 

dt 


' dt 


g/Cn^ni 


y(l + y) 


(I 


- e-»*) 

e-t* \ 

1 +y/ 


(4t) 

(42) 


By further differentiation the condition for the velocity to be a maximum 


is; |3 4 y + y(i +y)(|-2)}e-’'*-f (i -fy)«o (43) 
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These equations (5, 36-43) give a complete description of the behaviour 
of the system in terms of the parameter Z. 

Pd^mtTtsdiofl mth Deacfivatton 5y Monomer 

i,n, y-001 



Ptflytmtf VeocUaUfin dy Monomer. 



Summary of Results and Experimental Application. 

In Figs, r to 3 are given plots of the velocity and chain length as 
functions of yjn^ for the various mechanisms discussed above.^ These 
curves have been derived from the theoretical equations as follows : 

♦ Figs, j and .2 include also curves showing the eflfccts of inhibitors. The 
eqnattons on whieh these are based are derived in Part III. (below). 
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Figs. I and 2. — For a given value of n^, dN/dt is calculated from 
equations (26), (31) and v from (29) and {32) while the corresponding 
values of N are found from (9) by putting in the derived values of v. 

Fig, 3 , — Curves A are obtained directly from equations (ll), (13). 
Curves B, C, D are obtained by calculating dNjdt, v and N for given 
values of Z by means of equations (41), (40), (37). 

The principal features of the different curves will be evident on 
inspection. When deactivation is the controlling factor of the process 
the induction period vanishes * and the curve becomes pseudo biinolec- 
ular (spontaneous deactivation) or unimolecular (deactiN ation by mon- 
omer) while the mean chain length remains constant in tlie latter case 
and decreases during the reaction in the former. In all the curves of 
Fig. 3 an induction period is evident, and the chain length of the polymer 
increases progressively. In these curves we may note further that the 
fraction polymerised before the maximum velocity is attained decreases 
progressively as the deactivation reaction becomes increasingly im- 
portant. We have thus a complete explanation of the variation of 
induction period from zero (strong deactivation) to J reaction (no 
deactivation ; no steric factor) and finally to ^ reaction (large stcric 
factor). 

We may now turn to consider the application of thc>e results, and 

note first that we can measure experimentally : 

1. The velocity of polymerisation. 

2. The mean chain length of the polymer at various .stages of reaction. 

3. Possibly also the distribution of molecular sizes in the polymer.f 

From I we can plot a gradient curve thence obtain 

(a) the position and magnitude of maximum velocity ; 

(b) if the induction period is short or absent the shape ot the later 
part of the curv^c, and thence a uni- or bi-molecular constant. 

These observations suffice to enable us to decide by inspection wliat 
mechanism is operative, and thus by application of the equations given 
above to obtain the values of the various constants. The procedure 
may be illustrated by reference to specific examples taken Irom published 
work : 

I. It is scarcely surprising to find no completely satisfactory' example 
of the simplest Case I. (no deactivation ; zero steric factor) although 
Dostal and Mark®^*’^ have shown that some ratlier fragmentary data 
for the early stage.s in the polymerisation of styrene can be adequately 
represented by this type of curve, but since the chain length has not 
been measured we cannot find a and Kn^ separately. From the pub- 
lished curve (Fig. 9) i.s about 1*8, and putting | it 

is easily found that 

Kttf^Va S 3*2. 

♦ This, of course, is not strictly true. It is more accurate to »ay that the 
induction period is too short to be detected experimentally. 

t Schultz. Z . physik, Chem., i933«,30B, 379. It should be pointed out that 
the distnbution depen^ on the mechanism, and Schultz* calculation is thenslore 
only valid for the apecial mechanism he considers. His results may be compart 
for ex. with the curves given by Dostal and Mark • and Carothers {Trents. Fttredety 
Soc., 1936, 33, 39). 
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2. Numerous examples of reactions in which Xmux. > i are given 
by polymerisation of monolayers of oxidised maleic anhydride /S-eleo- 
stcarin.® It is probably best in these cases to adhere to the proposal 
to describe such reactions by the Semenoff equation (cf. ref. 8 and Part L). 

3, Examples of pseudo bimolecular reactions, which we can interpret 
as showing spontaneous deactivation, are given by the polymerisation 
of indene • and jSy dimethyl butadiene.^®. In both cases a short induction 
period is found, the maximum occurring after about 18 per cent, poly- 
merisation in the former case, 12 per cent, in the latter; the respective 
bimolecular constants (in secsr^'per cent.) being r8 X I0~* ; 1-25 X 
These measure aAT/A but as the general case of spontaneous deactivation 
w'ith an induction period has not been worked out, we cannot determine 
these three constants separately. 

Poiymertsohon cf Isosofrof^ or 258 *c [Whttb\^ AMz]. 
o L ip^imntol Potnts 

A CatCuhkd fwm *,y*o 2 »e>‘*5ecs '' 

8 UntnKtfCuior CoftstonT 5 Sics~^ Chotnurs . 

C . Zero 5 /f nr fochvi no (kodivotion •( *2 5* o. 






4. Chalmers has collected the results of a number of polymerisation 
reactions which a{)pcar to be pseudo unimolecular, and although a closer 
examination sliows some ot these to be better represented by otlier types 
of equation, there remain several examples of this type (deactivation 
by monomer). Among these may be mentioned the thermal and 
photo polymerisation of vinyl acetate, for which the velocity con- 
stants are respectively 1*83 >. I0“* (at 82^ C.) and 5*8 x io~*. For 
the latter case the quantum efficiency and inhibitor\‘ effect of pyro- 
gallol suggest a chain length of the order of 1000, so that y = 
and (aJCn^ S 6 x 10“^®. 

and Hideal, /^./f.5., 1035. I53A» uO ; Gee, tbid., p. 129; I'rans. 
J-afoday Soc., 193O, 3a, iH;. 

•\Vnitby and Kati. J,A.C\S., 1928. 30, 1160, 

I-.ebede<f, /. Russ, Phys. Chem, Soc,, 19*3* 445* *3*3- 
** Chalmers. J,A,C,S,, 1934. 56, 912. 

Starkweather and Taylor. 1930, sa, 470H, 

Jen and Alyea, thid./i933. 55* 575* 
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5. An example of a reaction in which a short induction period is 
followed by a pseudo-unimolecular curve appears to be given by iso- 
safrole,^^ for which Whitby’s data is well represented by curves calculated 
from the constants a = 37 X lO""* ; y = 0*2 ; Kn^ = 2-2 X lO"'^ secs.*“^. 
y is estimated from the final chain length, for it is easily seen from {40) 
that if Zoo is large 

»’oo ~ (44) 

y 

a and Kn^ are then deduced from the height and position of the maximum 
of the velocity cur\’e. In Fig. 4 the fit given by this cun^e is compared 
with that for a simple unimolecular law (Chalmers or the no deactiva- 
tion mechanism (Case I.). Considering both velocity and chain length 
this analysis is definitely the best, while if — as might well be the case 
— the “ polymer ” sample after one day contained a small amount of 
monomer, the experimental points would lie still nearer to the theoretical 
curv’e. 

Summao'- 

The discussion of the kinetics of a polymerisation chain is continued 
and extended to cases where chain breaking mechanisms are operative. 
Those considered include spontaneous deactivation and deactivation by a 
special type of collision wth the monomer. It is shoum that the fraction 
polymerised before the maximum velocity- is attained varies from zero 
with strong deactivation to one-third with no deactivation and zero steric 
factor and finally approaches a half for large steric factors. 

The application of this analysis to experimental measurements is dis- 
cussed and actual examples of the various mechanisms are quoted from 
the literature. 

The author’s thanks arc due to Professor E. K. Rideal for many 
valuable discussions, and to the Imperial Chemical Industries (Dyestuffs 
Group) for financial aid. 

Laboratory of Colloid Science, 

Cambridfye. 

** Whitby and Katz. Can, J. 1931. 4* 4 ^ 7 - 


THE KINETICS OF POLYMERISATION PRO- 
CESSES, PART III. THE EFFECTS OF CATA- 
LYSTS AND INHIBITORS. 
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The effect of inhibitors on the rate of a polymerisation reaction is 
well known, and quantitative studies of the phenomenon have been made 
by Jeu and Alyea,^ and by Taylor and Vernon,* The measurements of 
the latter workers are unfortunately complicated by the fact that the 
inhibiters they employed absorbed a part of the radiation which was 


1 

t 


Jeu and Alyea, J.A.C.S.. 1933, «, 373. 
Taylor and Vernon, ibid,, 1931. 53, 23a7. 
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initiating the reaction chains. Jeu and Alyea, although also studying 
photo-polymerisation, avoided this difficulty by employing a band of 
the spectrum which was not absorbed by the inhibitors they investigated. 

Empirically, their results can be expressed in the form : k = 

where is the velocity constant in the absence of inhibitor, 

k is the velocity constant when the inhibitor concentration is r, 
a is a specific constant for the inhibitor. 

On the analogy of the Christiansen -Kramers energy chain, this was 
wTitten in the form ; 

“ ^3 n- k,c 

where ky, /fj, ^3 and are the respective velocity constants for initiation, 
propagation, spontaneous termination, and inhibition of the chains. 
Jeu and Alyea then proceeded further to estimate the chain length p, 
assuming by analogy that this was given by : 

“f- k^c 


The problem has been discussed by Chalmers,^ and the same form of 
equation deduced by a simple argument based on a stationary" state 
equation fur the activated monomer in a pt)lymerisation chain. Chalmers 


arrived at the conclusion that : 


k. 


3 ^*4^ 


is to be interpreted, not as the 


chain length of the polymer, but as the mean life of the activated monomer. 
Unfortunately, Ins derivation neglects entirely the effect of the inhibitor 
on the activated polymeric molecules, and provides no mechanism of 
chain lenninaiion, so that its physical basis i> doubtful. 

Noiwiihstanding the many interesting features exhibited by catalysed 
polymeni»alion prcKcsses there would appear to be as yet no reliable 
quantitative data for the effect of catalysts on polymerisation velocity, 
while the rnecliamsm of catalysis remains a matter of dispute. Qualita- 
tive and semi-quanlitative observations reveal wide differences of 
behaviour between different types of catalytic polymerisation, and no 
general explanation of the phenomenon has yet been given. 

In this paper we shall investigate the effects of inhibitors and 
catalysts on polymerisation procc'^se-^ proceeding by mechanisms 
discussed in Part II. (above). 


L Inhibitors. 

We consider a polymerisation chain whose growth is described by 
equation {3) of Part II. ; the termination of the chain by an inhibitor X. 
may then be represented by : 


AV + 4 - XI 

M.' + X^»U.X 

M/ + X->M, f X^ 

• Chalmers, J,A.C,S., 1934. 56, 912. 

• The numl^hog of the equations is continued from Part 11, to facilitate 
reference. These equations assume that tb^ inhibitor does not undergo chemical 
change during the deactivation process. 
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The velocity constants of these reactions are assumed to be the same, 
and are given by : 

.... (46) 

where /S is a constant. 

If the number of molecules of inhibitor present is c its concentration 
is moles /mole of polymerisable material. 

We are now in a position to examine the effect of introducing this 
additional chain-breaking mechanism to reactions in which the normal 
mechanism of deactivation is spontaneous (Case IL) or collision with 
monomer (Case 111 .). The revised equations for the velocity and 
polymer size are found to be : 


Case II. , Spontaneous Deactivation. {Cf, equations (26), (29),) 

dt Xhq + pc * 


V 


(Ah, + /Sc) In 


Me - ”1 

+ 2 (A«, + Pf) \ 
Im, 2 (Ah, -j- ^c}} 


(48) 


Case III., Collision with Monomer. {Cf. equations {31), (32).) 


V 


dN ^ oiKn^n^^ 
dt yWj 4- pc 


(I -f 2y)(«, — Wi) 


(«0 - Ml) 




y(l -f 2y) 


In 


Mo 


2/Sc \ 
» -f 2y! 


h+rq 


2pC I 
f 2yj 


(49) 

(50) 


The effect of an inhibitor on the reaction velocity may be c.xpre.sscd 
by the equation : 


r, n(i 4 - /m;/mo) . . . . (50 


where t>, are the velocities with and without inhibitor, p is given for 
the two cases by : 

Pli === (5^) 

Put .... (53) 


Equation (51) is identical with the empirical expression if p is a constant : 
this condition is clearly fullilled by pu but not by />iij, except (approxi- 
mately) for small ranges (»f >/,. 

The use made by Jeu and Alyea ^ of data on the effect of inhibitors 
to estimate the polymer size requires further that the velocity should be 
directly proportional to the rhain length. This has been tested for the 
constants employed in calculating the curves of Figs, i and 2 (Part IL) 
by comparing vjv^ with for various values of N, with the following 
results, shown in Table I. 

It is clear from the above that the relationship rrs ^ holds with 

sufficient accuracy when the uninhibited reaction is controlled by spon- 
taneous deactivation, but is valid only for the early stages of a reaction 
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TABLE I. — Effect of Inhibitor on Velocitv and Chain Length. 


»'(• Vclv0. ¥c(¥0 

Spontaneous Deactivation. 


1*0 

100*0 

50*0 

102*0 

51*0 

050 

0*50 

07 

48*7 

23-9 

85*8 

43*8 

0*49 

0*51 

0*5 

24*3 

12*0 

737 

37*0 

0*49 

0*51 

0*2 

3-5 

I -.5 

50*0 

25*8 

0*43 

0*51 


Deactivation by Monomer. 


1*0 

100*0 

52*5 

102-0 

520 

0*525 

0*51 

07 

697 

30-0 

102*0 

470 

0*46 

0*47 

0*5 

49 7 

i6r 

102*0 

43*7 

0*33 

0*43 

0*2 

19*3 

2*6 

102*0 

34*7 

0*14 

0*34 


controlled normally by deactivation by monomer. This conclusion is of 
especial interest, since it has already been sho\Mi in Part II. that the 
photo-polymerisation of vinyl acetate studied by Jeu and Alyea ^ prob- 
ably belongs- to the latter class. Inspection of the results quoted by 
thc^c• workers shows that the experimental observations are very' well 
represented by the equation valid for ordinary chain reactions, but 
there is a slight tendency for the obser\'ed values of the fraction poly- 
merised (a) to be higher than the calculated ones at the highest inhibitor 
concentration (r). A plot of ijx^c^ where x is measured alw^ays after 
the same time of reaction, thus tends to be concave towards the c-axis, 
wdicreas Jeu and Alyea’s relationship gives a .straight line. A relation- 
ship between x and c can be derived from the analysis given above, in the 
form : 

L±i>l4.-i£ I - M» +y) , 

2 — X ' I — X (l -f 2 y;i ^2 — X } -r 4 ^c x{l + 2 y) ’ 

where k is to be found from the rate of the uninhibited reaction. (A 
slight simplification has been made by putting 

In 1/(1 - X) = 2.r/(2 - xj . 

Taking y — o*ooi (</. Part II.) a plot of i x^c can be made by 
choosing ^ so as to fit a single experimental point. jS ~ 2-35 was found 
to give a good fit of Jeu and Alyea’s data for pyrogallol^ and gave a 
(l jx ^c) curve slightly concave towards the i;-axis. The deviation from 
linearity is, however, too small to be significant over the range covered 
by the experiments [x > 0’4), although it would become a large correction 
if the range was extended to larger values of x\ No decisive test of the 
theoretical treatment is therefore possible from existing data. 


II. Catalysts. 

We turn now* to tlie consideration of catalysed polymerisation, and 
clearly the simplest possible mechanism is the initiation of chains by the 
catalyst, a case already considered by Dostal and Mark.* The precise 
manner in which this catalysis occurs may vary in different reactions. 
Thus Conan t and PeliTson * suppose iliat in the polymerisation of isoprene 
and butyraldehyde the first process is the formation of a peroxide which 
then dissociates to give an activated monomer which initiates a poly- 
merisation chain. A similar mechanism has been pmposed by Dunstan 

* Dostal and Mark, Trans, Faraday Soi \. 103O, 32, 54. 

* Conaiit and Peterson, /.A.C.S., 19,30, 51, 1050 ; 1932. 54, njiS. 
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and Ipatieff ® for the catalytic effect of phosphoric acid on the poly- 
merisation of propylene. Of a different type is the suggestion made by 
Norrish and Carruthcrs ’ as to the effect of formic acid in initiating 
polyoxN’methylene chains, which is formulated thus : 

H . COOH + H . CHO -> 0 : CH . O . CH2OH 

-> O : CH . O . {CHjO)^ . CHpH. 

A very simple formal treatment of this type of reaction can be given, 
as it is only necessary" to add to the equations already given in Part II. 
the further one : 

Mx+C^M', + C .... (55) 

the rate of which is pKoii, where p is a constant and c is the number of 
molecules of catalyst. The first effect of this addition is to increase the 
polymerisation velocity by a factor 

r-= r.o(i + pf/a«o) .... (56) 


The chain length is independent of the rate of chain initiation in Cases II. 
and III. (Part II.), but not in Cases I. and IV. In these mechanisms the 
chain length will be decreased by the catalyst, the magnitude of th<‘ 
effect being readily determinable by replacing a in equations (13) and 
(39) t)y where 

7 • • • ■ (57) 


For Case I. (no steric factor, no deactivation), wc obtain, by combining 

(57) with (13), _ 


This simple mechanism is inadequate to account for the complexity 
of the results observed, for in general the effect of catalysts on chain 
length may be in either direction. Thus styrene which by spontaneous 
polymerisation yields high polymers, may in the presence of t utalysts be 
converted into distyrene.® Dimethyl ketene, on the other hand, give.s 
only a <iimer spontaneously, but can be induced to give long chain 
products by addition of catalysts.® The decrease of chain length i.s 
readily understood if the rate of chain initiation is a controlling factor, 
and could equally be brought about by the catalyst acting also as a chain 
breaking inhibitor. The explanation of increased chain length is by no 
means so clear, apart from a few' cases where ciiain^ branching may be 
possible (c/. Norrish and Carruthers ’). It is suggested that the explana- 
tion of this phenomenon mu.st be sought in the formation of unstable 
complexes between the catalyst and the polymerising material. The 
cumulative evidence for the existence of such complexes is strong, and it 
has been shown by Staudinger and Bruson ® that the catalytic activity 
of the halides of some non-metals runs closely parallel with their tendency 
to form complexes. Thus BF3, SnCIi, and AICI3, which are known to 
form complexes readily, are catalysts, while SiCl4 and POCl show neither 
catalytic activity nor tendency to form complexes. The suggestion that 


• Dunstan and Ipatiert, Trans, Faraday Soc., 3a, izy, 
’ Norrish and Carruthers, tbtd., 1936, 3a, 195. 

• Stobbe and Posnjak, Ann., 1910. 311, 292. 

• Staudinger and Bruson, ibid., 1926, 447, no. 
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complexes are formed as the initial stage of catalysed polymerisation has 
also been put forward by Abkin and Medvedev for the catalysis by 
sodium of the polymerisation of i : 3 butadiene, and by Chalmers for 
the polymerisation of vinyl ethers in the presence of iodine. In the poly- 
merisation of monolayers of oxidised drying oils there is also direct 
evidence from surface potential measurements that cobalt, which acts as 
a polymerisation catalyst, forms a complex with the film A* We have 
next to discuss the general mechanism by which the complex catalyses 
the polymerisation process, and two alternative suggestions have been 
put forward. Chalmers ® and Bergmann formulate the addition of 
catalyst to reactant in such a way that a free valency is produced. Thus 
the polymerisation of I : 3 butadiene by sodium would be written : 

CH, : CH . CH : CHg -f Na Na . CH^ . CH : CH . CH*— 

NaiCHj . CH : CH . CH^)* . CH^ . CH : CH . CH^~ 

Abkin and Medvedev, on the other hand, formulate this reaction as 

CH : CH, Cl 1 . n U . Na CH , Cl I, . CH, . CH : CH . CH, . Na 

CH : CH, + 2Na CH . C H, . Na CH . CH, . CH,: CH : CH . CH,. Na, etc. 

Neither of these proposals is quite satisfactory. In the former case, 
it IS impossible to imagine the influence of the catalyst extending more 
than a few links, .so that the active group is the same as in the uncatalysed 
reaction, and the mechanism reduces formally to the one already con- 
sidered. On the other hand, the alternative explanation involves two 
apparent difficulties : (i) tlu* necessity for migration of the catalyst to 
the active end of the polymer at everv’ step in the reaction, and (ii) the 
reaction becomes virtually a stepwise ” reaction, which has been shown 
by Chalmers ® to be incapable of yielding long chain products. This 
dilemma may be avoided by the assumption of a mechanism similar to 
the well-known migration of atoms incident on the face of a growing 
cty’slal to the end of the crvstal, where they take part in the building up 
process. It has been suggested by de Boer ** that this type of mechanism 
may be operative in the normal building up of polymers, and thus account 
for the ver>' high rates of chain propagation. We may thus visualise the 
catiilyst as remaining in association with the active portion of the growing 
polymer for a length of time which will vaiy* with the natures of the 
reactant ;ind catalyst. If the time is very^ short, we have virtually a 
collision mechanism, which reduces to the previous case ; a long time of 
association gives us complex formation in which the catalyst remains at 
the active and growing point. This latter case is examined in the next 
section. 


Ila. Catalysis by Complex Formation. 

We shall consider the catalysis of a chain in which termination 
normally occurs by collision with a monomer, and shall have in addition 
to the reactions represented by equations (3) and (30) the foliowring 
processes : 

‘•Abkin and Medvedev, Tntns, Faraday Sfw. 1936. 2Ht>. 

‘‘ Chalmem* Can. J, Rts,, i93^» 7# 

and Rideah Proc. Roy. Soc. 1935» *S3A» riO; Gee, ibid, 1935, l$3A^ 
129 : Trans. Faraday Soc., 193b* 31, 187. 

Bergmann, ibid., 1936. 33f 295- 

** de Boer, ibid., 1936, 3J, 69. 
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M, + C -> (MjC') . 

(M,C') + Mx->(M,C') I 
(M,C') + M,-^(M,C') ^ 

(M,C') + M,->(.\U»C'). 

(xMiC')->M, + 01 
(M,C') -> Ms + C _ 

(M,C')->M, + C, 


(59) 

(60) 


(6i) 


Equation (59) represents the formation of the initial complex, and its 
velocity constant is written as : 

A-iv^AVr .... (62) 


Equations (60) give the building up of polymeric complexes, this process 
being terminated by dissociation of the complex, as in (61). The rates 
of these two processes are respectively 

* V = A' . a . (63) 

. .... (64) 


We have this time a further series of compounds (the complexes) whose 
concentrations are denoted by nVe» and can be evaluated by writing down 
the appropriate stationary state equations. A further complication 
arises from the fact that the effective catalyst concentration depends 
on the amount of complex present and is therefore not constant. If 
the total and effective (uncombined) catalyst concentrations, 

then 

00 

C = f, 4- 2 '-n'rr .... (65) 


whence 


. 


( 06 ) 


W'e may now proceed to derive the velocity equation in the usual way, 
and the result is : 


(W _ xn^t^ , cr%'cn<^ 1 


m 


The expression representing the variation of chain length is exres.sively 
complicated and only a formal solution will be given. By putting in 
numerical values of the constants (l— dAVdnj} can be obtained in the 
form : 

, 4- D(;fo - 

dWi + (^^0 — Wj;- • V ; 


where A, B, D, E and F arc numerical constants. 

Combining with equation (27) an expression is obtained which can 
be integrated to give a solution of the form : 


a(no — Hi) 




{69) 
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'where a, fc, rf, e and / are further numerical constants which are related 
to the former constants by the following equations : 



Catat^m by Comphz formahon 
I ^ - to*, y'- W'*; C -0 
i to'*', y- le A*- /a *; -(‘-o t. 

^ y- /; to ^ O't. 



to Ob 06 V 04 00 JO 05 06 04 Oi 00 


Fig. 5 . 

In Fig. 5 plots are given of [dX jdt X) and ) calculated for 

various values of the constants. It is evident from equation ^67) that 
the catalytic effect must always be positive, but it is to be noted from 
the figure that this may be associated w ith either increase or decrease 
of the polymer size, so that this mechanism is able to include all the 
observed facts. 
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Summary* 

The effect of an inhibitor on the velocity of a polymerisation reaction 
and the size of the polymers produced is examined, and it is shown that the 
usual assumption that these are diminished in the same ratio is not strictly 
accurate, but is a good approximation in the early stages of the reaction. 

The mechanism of catalysis is discussed, and two possibilities are 
analysed in detail : 

(i) The catalyst initiates chain centres, 

(ii) The catalyst forms a reactive complex. 

It is shown tliat the latter is capable of explaining all the experimental 
observations. 

Thanks are due to the Imperial Chemical Industries (Dyestuffs Group) 
for a grant to one of us (G. G.) which rendered this work possible. 

Laboratory of Colloid Scieme, 

Cambridge, 


THE PHOTOCHEMISTRY OF NITRITES, NITRATES, 
AND NITRO COMPOUNDS. 

By H. \V. Thompson and C. H. Purkis. 

Received 13//1 January, 1936. 

Much attention has been paid in recent years to the photochemistry 
of molecules containing the chroinophoric carbonyl group. With the 
exception of a few isolated measurements, particularly in reference to 
inorganic nitrates and nitrites, no corresponding studies have yet been 
reported for compounds containing the nitro or nitroso group, although 
the kinetics of the thermal decomposition of such compounds have been 
studied.^ The spectrum and photochemical decomposition of nitrosyl 
chloride was examined by Kistiakow'sky,* and the absorption spectra of 
nitroethane, ethyl nitrate and ethyl nitrite by Goodeve.® Krishnan and 
(iuha * have recently made measurements on the absorption spectra of 
inorganic nitrates and nitrites, and Anderson, Grumpier and Hammick* 
have discussed measurements on the photochemistry of two organic 
nitroso compounds. 

It seemed desirable to make a systematic study of these compounds. 
The choice of substances amenable to investigation in the vapour state 
has obvious advantages, of which perhaps the most important is the 
greater chance of being able to analyse the absorption spectra and 
correlate them with the photochemical measurements. We have there- 
fore chosen in the first place methyl and ethyl nitrates, methyl and ethyl 
nitrites, and nitromethane and nitroethane. Measurements on formal* 
doxime HjC = N . OH, and other oximes and their ethers, are in progress. 
The present paper deals with the absorption spectra of the first scries of 

^ Steacie and others, J. Ckem, Physics, 1934, 2, 345 ; 1935* 3* 344, 

* J,A,C.S., I 930 » i02. • Tram. Paraday Soc,, 1934* 30, 304. 

♦ Pyoc, Ind. Acad. Sci., 1934, 24^. 1935. 1679. 
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compounds, in which an important difference is found from the results 
given by Goodeve. 


Experimental Method. 

Methyl nitrite was prepared by the method of Bertoni/ by dropping 
amyl nitrite slowly on to methyl alcohol, heating the latter gently. The 
vapours given off were passed through a series of traps and water con- 
densers and finally frozen out in a liquid air trap. The product was a 
greenish liquid. It w'as fractionated, and the middle fraction, which was 
completely volatile below o® C.. collected. The purity of this sample was 
te.sted by measurements of its vapour pressure and hence boiling-point. 
The data are given below. The extrapolated B. Pt. was — 18® C., rather 
lower than the value given in International Critical Tables (— 12® C.). 
Repetition *with a fresh sample gave a similar result, from w^hich it seems 
probable that the figure hitherto accepted is in error. 

Ethyl nitrite was prepared by refluxing a commercial 15 per cent, 
solution in alcohol. The vapour was condensed in a trap of ice and salt, 
and then fractionated. Methyl nitrate was prepared by the method of 
Delepine,’ by the action of methyl alcohol on nitric acid. The product 
iKtiled at 66^-66*5® C., and this was in accordance vrith vapour pressure 
measurements. 

Ethyl nitrate was obtained by fractionation of British Drug Houses 
product. Nitromethane was a commercial product purified by first diydng 
with calcium chloride and then fractionating. Nitroethane was a Kahl- 
baum product repunfied by fractional distillation. 

The spectra were measured on a Hilger quartz spectrograph E 315, 
and the bands found were subsequently examined on a 3 metre concave 
grating with Eagle mounting, giving in the first order a dispersion of about 
4 A. per mm. Ilford Special Rapid or Panchromatic plates were used. 
The continuous .source was a hydrogen discharge tube. The vapours were 
contained m glass absorption tubes of various lengths, with plane polished 
quartz ends cemented on. In some cases an all-quartz absorption cell, 
wired and heated electrically, was used. 

For the measurements of the vapour pressures of the various substances 
the apparatus was similar to that described by I'hompson and Linnett.* 

Results. 

( 1 ) The Vapour Pressures of Methyl Nitrate, Methyl Nitrite and 
NItromethaiie. — Goodeve* determined the vapour pressure curves for 
ethyl nitrate, ethyl nitrite and nitroethane, but no data are given in the 
literature for the corrcsixinding methyl derivatives. 

The data arc summarised in Fig. i. 

For nitromethane the extrapolated B. Pt. is 100*8® C. (International 
Critical Tabks, loi® C.) and A — 8280 Cals., ^ving the Trouton constant, 
X/l\, the Entropy Change at the boiling-point as 22*2. The results are 
represented by the equation, 

, ^ r8oo , . 

log, op jT- -f 7-69. 

With methyl nitrate the measured boiling-point is 66*5® C. (/af. CriL 
Tables, 65^-66® C.) and A = 7800 Cals., so that A/r^ — 23*0. The vapour 
pressure equation is 

log,, ^ r=_ ^ 7.85. 

•Gas. Chim. Itai., la, 438. "Bull. Soc. Cketn,, (3b 13, 1044, 

• Trans. Faraday Soc.. 1935. 3l» 1743. • Ibid.. 1934, 30, 501. 
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The measured Pt. for methyl nitrite is — i8® C. (BeilsUin — C.), 

A = 5000 Cals, and A/r> = 19-75. The equation for the vapour pressure is 

log,, /> = - + 7-19. 

It is evident that the degree of association of these compounds is not 
considerable. 



(2) The Absorption Spectra. 

Methyl Nitrate. — With pressures of vapour lo-aoo mm. in columns 
10-50 cm. in length, absorptwm is continuous from a very indefinite long- 
wave limit at about 3000 A, towards shorter wavelengths. IThs extinction 
coefhcient does not vary unifonnly with wavelength, the curve (not ac- 
curately measured) showing a ]x»mt of infrexion at about 2500 A. 

Ethyl Nitrate. — The spectrum is closely similar to that of methyl 
nitrate, the long-wave limit and variation of extinction coefhcaent with 
wavelength being within limits the same. This result agrees with that of 
Goodeve, 

Nltixmiethane .--Continuous absorption is very marked from a fairly 
sharp limit at about 2350 A. towards shorter wavekngths. A much 
feebler continuous absorption extended to about 2500 A. 

Nitroethane. — Abs<,rt'ption is continuous from about 3000 A. to shorter 
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wavelengths with a maximum at 2700 A. and minimum at 2450 A. This 
result agrees with that ol Goodeve. 

fiUiyl »nd Methyl Nitrite. — According to Goodeve» ethyl nitrite 
shows continuous absorption to shorter wavelengths from a threshold at 
about 40TO A., with a maximum at al>out 3640 A. and a shallow minimum 
at 3030 A. Absorption increases uniformly from the minimum to shorter 
wavelengths. 

Our measurements with this substance agree completely with the above, 
except that at lower Pressures w'e have resolved the first region of absorption 
between 4000*3000 A. into a system of bands In view of the strict agree- 
ment between ourselves and Ci«oodeve for the Ifuig-w'ave threshold maximum 
and minimum, it seemed unlikely that the bands w*ere due to some im- 
purity or other error. The discovery, how'ever, that w ith methyl nitrite 
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mmre I i 



l‘IG **. 


a similar system of Imnds is obtained!, but didering slightly in wavelength 
from those of the ethyl compound, is adequate proof of their being genuine. 
With absorbing columns 10-20 cm. in length the most satisfactory^ pressure 
range for developing the bands is 10-50 mm. Goodeve's failure to detect 
the bands may have been due either to the nature of the method used 
(spectrophotometric), or to the u.He of too high pressures, when they become 
merged into a continuum. 

The bands of methyl nitrite are showm in the plate, and depicted dia- 
grammatically in Fig. 2<t. They cannot be said to degrade wnth certainty 
in mUbm direction, are broad, and although diffuse, show some features 
of hne structure. Examination under higher dispersion, how*- 
«ver« faded to develop this. The breadth of the bands indicated by Fig. 2 
is estimated roughly at the lowest pr^ures required for their development. 
The plate also shows the cortesix^ing bands h>r ethyl nitrite, and their 
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wave numbers are given in Fig. zb. The intensities shown in Figs, za and 
zb are not accurate and are only intended as a qualitative guide. 

Amyl Nitrite. — The results with methyl and ethyl nitrites suggest that 
in passing from the lower to the higher all^l derivatives the band system is 
displaced to the red. The spectrum of repurified amyl nitrite was ac^ 
cordingly examined. It proved to be wuthin the limits of the measurements 
identical with that of ethyl nitrite. The wide difference in vapour pressure 
between ethyl and amyl nitrite makes it inconceivable that the identical 
features of the two spectra arise from error. 



Dlscttstion* 

For purpose of comparison Fig. 3 shows the rough qualitative course 
of the extinction coefficients of the various compounds with varying wave* 
length. 

It is clear that in the case of nitrites there arc two excited electronic 
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levels, one associated with the bands, the other with the continuum. 
There may also be two excited state levels with the nitrates and nitro 
compounds, but if so these levels must lie closer together and further 
from the ground state. 

It is important if possible first to determine the localisation of the 
electronic jump, which, in the case of any given compound, may or may 
not be the same for the two levels. By analogy with other compounds, 
such as ethers, it is unlikely that the electronic jump occurs in the alkyl 
radical or the R — C) — of the nitrites, and it would thus appear to involve 
excitation of electrons localised in the region of the N == O link. This 
result is also suggested 
from a comparison of the 
nitrites with the nitrates 
and nitro compounds. 

That the levels of the 
nitrites lie lower than 
those of the nitrates 
would not then be sur- 
prising, since two elec- 
trons of the nitrogen ato.a 
are not employed for 
valency purposes in the 
nitrites, and might be 
relatively easily excited 

The absence of a maxi- 
mum in the continuum, 
and the marked effect of 
pressure upon the long 
wave-length limit, makes 
It impossible to assign a 
value to the quantum 
corresponding to this elec- 
tronic transition. In the 
same way it has not so 
far been possible to de- 
termine the ** origin of 
the band systems of the 
nitrites ; in passing from 
the methyl to the ethyl 
derivative, however, the 
electronic jump decreases 
somewhat in magnitude, 
but with higher homologucs may reach a constant value. 

The inter\^al relationships between, the bands suggest a vibration 
frequency in the excited state of about lOOO cm.'”', with a high anhar- 
monicity coefficient. The Raman spectra of alksd nitrites arc ver^^ 
complicated ; it is also impossible to say whether the vibrational 
frequencies are increased or diminished in the excited state ; it is there- 
fore impossible to correlate the marked obs«*rved frequency of about 
uoo with any particular normal vibration of the molecule. The magni* 
tude of this frequency, however, is consi^itent with its being connected 
with a valency vibration of the N =* 0 link, 

^•Dadieu, Jeh and Kohlrausch, H Uff, Brr., 1931. 140* 
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The intensity distribution in the band systems, together with the 
Franck-Condon Principle, suggest the interpretation described by Fig. 4, 
but the significance of two-dimensional potential energy diagrams in this 
case is uncertain. The broad nature of the bands, A, B, H, I, and J 
with methyl nitrite, and of A, B, C, D, H, and 1 for ethyl nitrite, is 
peculiar, and requires further study. If the bands are genuinely diffuse, 
this may arise by a predissociation brought about by intersection of 
potential energ>" curves in the manner shown in Fig. 4. On the other 
hand, the variation of intensity within individual bands suggests some 
definite rotational structure. 

Krishnan and (iuha^ have suggested that in the rase of inorganic 
nitrites the two excited levels are associated with the fission of an oxygen 
atom in two different states of excitation. The same hypothesis might 
apply to the two levels of th(‘ alkyl nitrites, but we do not regard this as 
likely. There is some similarity between the spectrum of nitrosyl 
chloride and the spectra of the alkyl nitrites. In the former ca,se the 
electronic energy absorbed by the N = O group eventually h‘ads to a 
splitting of the N — Cl link, although there is still some doubt whether 
the energy switch occurs in the primary act without the intervention of 
a collision with a second molecule. Similar switches of energy from a 
chromophoric group to other linkages in tlie molecule are now known, 
e.g. in the photochemical decomposition of aldehydes and ketones. It is 
probable that the electronic energy absorbed by alkyl nitrites first enters 
the N — O group and is later distributed into the other linkages before 
dissociation occurs. The latter may follow a rather complicated course. 

Photoc hemical measurements will be de.scribed later, when values of 
the quantum efficiency for tlu* decomposition with frequencies corre>- 
ponding to each of tlic two absorption region^i will be compared. 


Summary. 

As a preliminary to photochemical work, the ultra\ iolet ahsorjytioti 
spectra of methyl and ethyl nitrites, methyl and ethyl nitrates, and nitro- 
methane and ethane in the vapour state have l>een mcasurt*<i. AH except 
the nitrites show continuous absorption. The nitrites each have a sy,stem 
of diffuse bands in the near ultraviolet. The bands are not all of e<}ual 
intensity, and some have a tx‘culiar variation of intensity within tliem- 
selves. A marked vibration interval in the excited state seems to lx? atxiut 
1000 cm.-'. 1 ‘here appear in general to be two excited electronic levels, 
both probably involving excitation of eltxtrons localised in the N - O 
chrom<»phore. The significance of the results is discussed. 

The vapour pressures of the vanou.s compouncLs over a wide range of 
temperature have l>een measured. 

Wc thank the Government Grant ('ommittec of the Royal Society 
for assistance in the purchase of apparatus. 

Old Chemistry DepartmefU, 

University Museum^ Oxford, 



THE VAPOUR PRESSURES AND ASSOCIATION OF 
SOME METALLIC AND NON-METALLIC ALKYLS. 


By H. W. Thompson and J. W. Linnett. 


Received 14th February, 1936 . 

In the course of a recent study of the absorption spectra of a series 
of metallic and non-metallic alkyls, it was necessary to know the vapour 
pressures of these compounds, over a wide range of temperature. Such 
data, especially with regard to the metal alkyls, are almost completely 
lacking. The present paper summarises measurements with some of these 
tompounds. In a previous paper we have given the results for the alkyl 
sulphides.' Estimates were then made of the Trouton constant for the 
various substances since these are a possible guide to the degree of 
association in the liquid or gaseous phase. It is now possible to review 
the values of this quantity for the alkyl derivatives of elements of Groups 
II.-VH. of the Periodic Table, and to make deductions concerning the 
extent of associa- 
tion of compounds 
of this type. 

The vapour 
pressures of the 
following sub- 
.stances have now 
been me;vsured : 
zinc dimethyl, zinc 
diethyl, mercury' 
dimethyl, mercury 
diethyl, tin tetra- 
methyl, tricthyl 
phosphine, tri- 
methylaminc, tri- 
cthylamine, and 
methyl iodide. 

Each was purified 
by the same 
method us de- 
scribed for the 
spectroscopic 
work,* 

£xperiine0tal 

Method. 

The vapour 
pressures were de- 
termined by using . . 

a Bourdon gauge as zero instrument agamst a mercury manometer. 1 ne 
arrangement of the apparatus is shown in the diagram. The substance was 

» 3 ^ 935 . * 743 - ^ ^ 

• Thomj)son and Linnett, Proc, Jioy. Sotf., t93^t press, 

68x 
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enclosed in a glass bulb C, connected to the gauge B, which had a fine solid 
pointer, the tip of which was coated with white enamel. Pressures inside 
the gauge were balanced by regulation of the mercury manometer E, (i i mm. 
bore), through the tap at F, which could be opened either to an oil pump or 
to the atmosphere. A fine glass capillary G was fixed to the back of the 
cylindrical glass tube holding the gauge. This was the zero ” mark, 
superposition with the pointer being observed through a small microscope. 
The apparatus was wired and heated electrically to about 90® C., and the 
upper part of the gauge was enclosed in an electric furnace maintained at 
a contant temperature of about 90® C. The bulb C could be enclosed in 
a wide glass tube D, suitably lagged, in which liquids of different boiling- 
point could be refluxed. The temperature of the vapour was meas- 
ured by a standard thermometer. The levels of E were read ofl on a 
cathetometer. In general the liquid to be studied was distilled into C 
from a tube attached at H, the latter then being sealed ofl[ by a constriction. 
A little of the substance was then pumped oflf at K, C was surrounded by 
liquid air, and the apparatus evacuated and sealed ofi at K. The difference 
in the levels of E when C was immersed in liquid air was taken as the 
barometric height. 

Liquids used in the refluxing chamber D were acetone, chloroform, 
ethyl ether, benzene, methyl alcohol, etc., all boiling below about 80® C. 
Cooling baths of melting ice, melting benzene, or melting aniline were also 
used. 


Results. 

(1) Zinc Dimethyl. — The measured vapour pressures at different tem- 
peratures were : — 

f® C. — 6*2 o 5‘5 1 6*6 

p mm. 91 125 154 248 

The plot of log,o p against i/T is a good straight line, which on extrapola- 
tion to 760 mm. gives a B.Pt. of 46*9 ® C. (IrU, Crii. Tab. 46® C.), The line 
can be expressed by 

~ -f 7*52. 

The latent heat of evaporation, A, is thus 6840 Cals, per Mol,, and Xf 7 \, the 
Trouton constant or Entropy Change at the B.Pt., has the value 21*4. 

(2) Mercury Dimethyl. — The measured vapour pressures are : — 

f® C. 20*5 36-0 55*3 59-8 63*7 78*7 

p mm. 50 103 217 255 297 477 

The plot of logio P against i/T is a satisfactory straight line, but at low 
temperatures there are indications of a slight curvature. The extrapolated 
B.Pt. is 93*2® C. (recorded value 93®-96® C.). The line can be expressed by 

logio ^ -f 7'575 

the latent heat A = 7910 Cals., and A/T* «= 21*6. 

(3) Zinc Diethyl. — The measured values are : — 

f® C. 17*2 35*0 55-3 6 o*4 64*8 79*8 

p mm. 13 32-5 73*0 90-0 108 196 

The plot of logj,^ p against 1 /T is a fairly good straight line, expressed by 

, ^ 1910 , 

l<5gi* p Y — ^ 7*^5 

and giving an extrapolated B.Pt. 123® C. (recorded value 118® C.). Then 
A ==* 8780 Cals, and A/T* = 22-2. 
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(4) Mercury I>ietliyl« — ^The high boiling-point of this substance made 
it impossible to measure pressures in excess of about 50 mm. At 64^ C., 
p ^ 2B mm., and at 80® C. /> = 54 mm. The recorded B.Pt. is 159® C. 
For these points the plot of log p against i /T is linear, and represented by 


logic P 


2200 , 

“2=^ + 7-975 


and A 10,120 Cals. Then A/Tc = 23«4. 

(5) Tin Tetramethyl. — The vapour pressures are : — 

C. 18 35*5 55 8 59*5 64-0 78-9 

^mm. 87-5 172 376 425 492 787 

With the exception of the value at the lowest temf)erature the plot of 
logit against i/T is linear, and expressed by 


logit ^ 


+ 7-495* 


The extrapolated B.Pt. is 777® C. (recorded value 76®-78® C.) ; A = 7450 
Cals, and A/T* =» 21*2. 

(6) Tiimethylamine.— The data are : — 

/® C. —6-2 o 5*0 11*0 

p mm. 516 680 804 1018' 

The plot of log ,c p against i/T is roughly linear, giving a B.Pt. of 3*2® C., 
[Beilstein 3‘2®-3*8® C.), and 

log,, /. = - 4. 7.45, 

giving A = 5820 Cals, and A/r> — 21*1. 

(7) Tiietliylamlne. — The vapour pressures are : — 

f® C. 12*4 35 0 56*6 6 o*5 64-4 

p mm. 38 106 247 282 328 

The plot logit p against i/7' is a good straight line, expressed by 
log,, p = - + 7 625 * 

and giving A 7930 Cals. The extrapolated B.Pt. is 90*3® C. (/»/. Crit, 
Tables, 89*5® C.). The value of X/T^ == 21-9. 

(S) Trlethyl Phosphine. — The vapour pressures were : — 

/® C. 18 36 55*1 59-3 63*5 78-2 

p mm. 10 24 50 70 79 143 

There is good proportionality bet\^een logjt p and i/T, expressed by, 

, 2000 , 

logic f- + 7*86. 

The extrapolated B.Pt. is 128-6® C. (Ini, Grit, Tables, 128® C.) 

A «x 9200 Cals., and Xfl\ -- 22*8. 

(9) Methyl Iodide.— The present measurements give 

0*1 4-3 117 34*4 

pmm, 142 1 71 235 569- 

These data are satisfactorily represented by the equation, ‘ 


logi# p 


+ 7.56. 


in excellent agreement with the measurements of Brown and Acree,* 
• J . A . C . S ., 1916. 38, 2145. 
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and of Robertson and Acree.‘ The extrapolated B.Pt. is 42*8® C. (re- 
corded 43® C), A =: 6790 Cals, ani X/Ty «= 2i*5. 


Discussion. 

It may now be profitable to consider the values of the Trouton con- 
stant for the alkyl derivatives of elements of different groups of the 
Periodic Table. These are set out below. 

Group in thb Periodic System. 


I. 

II. 

III. 

IV. 

V. 

VI. 

VII. 

[Na(CH,)] 

[Na(C,H,)] 

Zn(CHj)|2i*4 
2n(C,Hj),22-2 , 
Hg(CU3),2i-0 
Hg(C,H|), 23*4 

|Ga{CH,).] 

[Ga(C,H.),l, 

Ge(C,H,), 

Sn(CH,). 

21-2 

i 

N(CH,),21I 

N(C,H,), 2 I ‘9 

P(C8H4),22*8 

1 

0 (CH,), 32-3 

0 (C,H,), 20-2 

S(CH^,22-3 

S(CjH,),2I7 

FCH3 2I-0 
C 1 CH, 2 I *2 
BiC,H3 2i-4 

C1C,H,22-1 

IC|H,217 


The value given for boron trimethyl is calculated from the vapour 
pressure data of Stock,* and those for the alkyl halides from the vapour 
pressure data given in Internatimal Critical Tables, Values for the 
ethers and thioethers have previously been given. ^ The physical pro- 
perties of the alkali metal alkyls indicate association in the solid state; 
and cr>^oscopic measurements with lithium ethyl are said to indicate 
six-fold association. According to Louise and Roux,* aluminium tri- 
ethyl and aluminium tripropyl are associated in the vapour state. The 
Trouton constant for gallium triethyl evaluated from the vapour pressure 
measurements of Dennis and Patnode ^ is 23*9, suggesting slight associa- 
tion, in the liquid phase. From cr>’'oscopic data these observers suggest 
association to double molecules. The Trouton constant of gallium 
trimethyl is 23*9 too,® which may similarly imply slight association. 
Indium trimethyl is a solid, which from cryoscopic data of Dennis* 
appears to be associated four-fold. The extent of association of thallium 
triethyl has not been estimated, but «ince this substance is a liquid of 
very high B.Pt., it may well be abnormal. From the vapour density 
and from cryoscopic data, Dennis has concluded that germanium 
tetra ethyl is unassociated. 

None of the other substances examined in the present work and listed 
above show a noticeable divergence from the “ normal value of the 
constant, about 217, and suggesting that none are appreciably associated. 
The rather high value for mercury diethyl is suggestive of slight associa- 
tion, but in this particular case the errors are most noticeable, and the 
result may be accidental. 

Thus in so far as the tabic is representative and complete, the only 
compounds showing association are the alkyl derivatives of the elements 
of Group L (alkali metals) and of the heavier elements of Group III. 

• Am, Chm. J., 1913. 49, 474. » Bet., 1921, 54* 531. 

• Comptes Rendus, 1888, 107, 601 ; Bull, Soc. Chim., 1888, (2), 50 , 311. 

A. C.S„ 1932, 54, 182. » Kraus, Proc, Nat, Acad, Sci,, 1933, ^ 9 *- 

• J.A .C.S., 1934, 56, 1047, Ilnd., 1925, 47, 370. 
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An explanation of this peculiarity on the basis of the electronic theory of 
valency cannot at present be suggested. The physical properties of the 
beryllium and magnesium alkyls suggest, however, that these compounds 
may be associated, so that the conclusions may not be as simple as just 
stated. 

Summary. 

The vapour pressures of a series of metallic and non-metallic alkyls have 
been measured over a range of temperature. The Trouton constants thus 
calculated indicate that these compounds show little, if any, association. 
The degree of association of other similar substances is discussed. 

The Old Chemistry Department^ 

University Museum, Oxford, 


THE CRITICAL SOLUTION TEMPERATURES OF 
SOME ALIPHATIC ACIDS WITH NITROMETHANE. 

By (r. Broughton and I). C Jones. 

Received gth January, 1936. 

Few determinations have been made of the solubility relations of the^ 
higher fatty acids, particularly in solvents with which they are only 
partially miscible. A number of binary systems, containing a low ali- 
phatic acid as one component,* have, however, been fully investigated, 
and the usefulness of tlic critical solution temperature of the system as 
a criterion of their purity demonstrated. In the present work the 
solubility curves of a number of tlie higher acids with nitromethane have 
been obtained. Nitromethane was chosen as the second component 
because it gives critical solution temperatures over a convenient tem- 
perature range with all the acids from caproic to stearic and is easily 
obtained pure. The use of a single liquid for second component also 
permits the relation betwwn solubility and increasing chain length to 
become apparent. 

Since there are few methods of estimating the purity of the higher 
fatty acids juid their freedom from homologues, the effect of adding a 
third acid upon their critical solution temperature was also investigated. 

Experimental. 

Furiff cation of Materials. — The acids were the same as those used 
in a previous paper, ^ in which their preparation and physical constants axe 
given. 

Nitromethane was prepared from sodium monochloracetate by treat- 
ment with sodium nitrite.* After treating with ice-cold 85 per cent, sul- 
phuric acid and washing with saturated s^ium sulphate solution, it was 

* E,g,» formic acid-benzene,* acetic acid -carbon disulphide,* acetic acid- 
cyclohexane,* butyric acid-water.* 

* Timmermans and Hcnnault Roland. /. Chim. Physique, 1930, 27, 401. 

* Rmes, 1923, 123, 1374. 

* Rothmund, Z. physih. Ckem.» 1898, 26, 433. 

* Broughton, Trans, Faraday Soc.. 1934, 307 - 

* Organic Syntheses III, 83. 
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TABLE I. 


lercentace Acid 

MisciUUty 

Bereentago 

Ubdbmty 

(by W 3 ght). 

Temp. 

Add. 

Temp. 

Add — Nitromethane. 



22-74 

- 7*20® C. 

46*96 

- 3*50 

25-02 

— 6*20 

5058 

- 3-65 

25-36 

— 5-85 

50-79 

- 3-65 

33-75 

-3-85 

32*60 

— 3*80 

36-83 

- 3-55 

55-40 

— 4*20 

38-95 

~ 3-45 

59*29 

- 5*25 

4* -35 

3-40 

66*00 

— 8*05 

43-96 

— 3-40 

67*11 

*- 8*90 

: Add — ^Nitromethane. 



13-15 

22*00 

42*37 

34-85 

19-00 

29*10 

44*32 

34-72 

24-04 

32-55 

48*61 

34-64 

30-89 

34-30 

54-29 

34-05 

35-28 

34-80 

60*78 

32-15 

40-47 

34-85 

(S911 

27-35 

lie Add — Nitromethane. 



19-71 

43-80 

42*10 

48-55 

:Z4*2Z 

46-30 

47 - 4 ^ 

48-55 

29*96 

48-05 

54-83 

47-60 

35-14 

48-50 

59-36 

46-55 

41*10 

48-55 

69*28 

40-85 


Laurie Acid — Nitromethane. 


13-48 

69*10 

40*72 

78-90 

20*18 

75*20 

42*10 

78*80 

26*01 

77-65 

50-44 

78*60 

33-29 

78-70 

5812 

76*95 

39-34 

78*80 

68*23 

71*85 

Add— 

Nitromethane • 



12*14 

94-05 

37-48 

*04-55 

18-45 

ioi* 6 o 

38'95 

104*50 

22*90 

102*75 

45-77 

104*45 

28-44 

103*95 

53*»5 

*03*55 

31-97 

10415 

58*93 

101-65 

33-36 

- 104*30 

61*80 

100*50 

34-30 

104*30 

72*84 

92-40 

Vdd — Nitromethane. 



37*555 

114*0 

40*61 

114*0 



43-33 

114*0 


TABLE II. 


Add. 


Critkd Sohitloo Temperaiuie. 

Capronic 


. —3-40® ± 0-05® c. 

Caprylfc 

Peiargonic 


34-85 

. 48-60 

Laurie . 


78*90 

Palmitic 


*04-55 

Stearic . 


, 114-0 dk 0-1® C. 
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fractionated. The fraction used had an ethereal odor, 1*3796 ; djf* 
1-1308. 

Determlnattoii of the Solubility Curves. — ^The synthetic method, 
as described by Jones and Betts/ was used with the substitution of me- 
chanical shaking. Liquids were introduced into the glass tubes by pipettes, 
solids by a sm^l glass funnel, the tip of which reached to the bottom of 
the tub^. Care was taken to ensure that all apparatus was dry. The 
temperatures at which complete miscibility occurred were taken to 0-05^ C. 
by thermometers carefully standardised against a set of standard thermo- 
meters having N.P.L. certificates. The miscibility temperatures were very 
sharp especially for the lower acids and critical phenomena were also 
marked. 

The results are sho>NTi in Tables I. and II., and Fig. i illustrates a 
typical solubility curve. 



Effect of Homologues Upon the Critical Solution Temperature. 


The effect of adding a third add upon the consolute temperatures of 
caproic and palmitic acids was also roughly investigated. Mixtures con- 
taining 1-5 per cent, of another fatty acid were made up by direct weighing, 
and a few points in the neighbourhood of the critical solution temperature 
determined, using the mixture in place of the pure acid. The results are 
shown in Table III. 


TABLE III, 


Syitem. 

Caproic acid- -Nitromethane 


Palmitic acid — Nitromethane 


Added Impurity. 
ButN-ric acid 
i^o-Bul^lacetic acid 
Caprylic acid 
Stearic acid 
Oleic acid . 


Percentafe Required to 
Raise or Lower CS.T, 

0*l6 

0*51 

0- 39 

1- 17 
i*o6 


•Jones and Betts. /.C. 5 ., 1928, 1177. 
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Dlsciissioii. 


It will be seen that the solubility curves take the usual form, but 
with the exception of caproic and pelargonic acids the mean concentration 
lines curve within about i® of the critical solution temperature. A possible 
explanation of this is that the acids used may still have been slightly 
impure.* 

The solubility of the acids is seen to decrease in a regular manner 
with their position in the homologous series. In Fig. 2 the critical 
solution temperatures are plotted against the number of carbon atoms 
in the acid giving a perfectly smooth curve, from which the critical 
solution temperatures of acids not investigated can be predicted with an 
accuracy of at least i®. In the same figure are shown data for aniline- 
hydrocarbon systems ^ which give a similar smooth curve, showing, 
however, a minimum at hexane. The diminishing rise in critical solution 



temperature with each addition of a — CHj-group would be expected, 
since the influence of the carboxyl group, at first predominant, becomes 
smaller with each addition, the molecule finally behaving almost ;is a 
hydrocarbon. The effect of the aliphatic hydrocarbons on the critical 
solution temperature witli nitromethane has been determined already 
by H. J. Moss in this laboratory. A linear relationship ivas found, the 
slope being almost the same as that obtained in this work with the 
higher aliphatic acids. These two sets of results afford a good oppor- 
tunity of testing the Langmuir theory of independent surface action,* 
and this will be done in a further communication. 

It is apparent from Table III. that the critical solution temperatures 
of the aliphatic acids cannot be used as sensitive criteria of their purity. 

’ Shepard, Henne, and Midgeley, /. Am, Chem, Soc., 1931, 53, 1948. 

• Colloid Symposium Monograph ^ 3, 1925, 48. 
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Even in the case of caproic acid the effect produced by impurity is small« 
and in most cases the setting point is a more sensitive test. 

Summary. 

The critic^ solution temperatures of caproic, caprylic, p^iargonic, 
lauric, palmitic and stearic acids with nitromethane have been determined 
and found to increase regularly with increasing molecular weight of the 
acid. The effect of homologues upon the critical solution temperatures has 
also been investigated. 

During the period when this work was done one of the authors 
(G. B.) held a studentship of the University of London, and also 
obtained a research grant from the Chemical Society which defrayed, 
in part, the cost of the materials. 

Queen Mary College, 

University of London, 


THE INFLUENCE OF PHYSICAL STATE ON THE 
ABSORPTION AND FLUORESCENCE SPECTRA 
OF ORGANIC SUBSTANCES. 


By P. K. Seshak, Research Scholar, Indian Association for the Cultivation 

of Science, Calcuila, 

Received yth January, 1936. 

1. Introduction. 

In the course of our investigations on the absorption and fluorescence 
spectra of aromatic compounds, we had occasion to study some of them 
in different physical states : vapour, liquid, solid, solutions in different 
solvents, and also solid solutions. The results are reported in the present 
paper. The spectra in the different states are compared with those in the 
vapour state, and the influence of the proximity of the surrounding mole- 
cules (a) of the same kind as the absorbing or the fluorescing molecule, as 
in liquid or solid, (b) of different kind, as in solutions, on the absorption 
and fluorescence spectra, is discussed. 


2. Absorption Spectra. 


The three aromatic hydrocarbons, fluorene 


CHj 


thacene 


"CCC0“" 


and perylene 



naph- 

were chosen for these 


investigations, since their absorption oands are sharp and well-defined, 
and attention was confined to the first few bands, which are very pro- 
minent. 

The 

the same 


experimental arrangements adopted in these measurements were 
le as those described in an earlici publication by the author, to 

^ Proc, Ind. Acad, Sci,, 1936, 3. 


24 ♦ 
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which the reader may be referred for the details. We shall content our- 
selves with giving the final results. 

In Table I. are given the absorption data for fluorene under different 
physical conditions.* The positions of the absorption maxima are given 
in wave-numbers, and in the next column of the table are given the 
differences in wave-numbers between successive absorption bands. 

Table II. gives similarly the absorption data for naphthaccne and 
perylene. These two substances were studied in great detail in solutions. 
Two sets of investigations were made. In the first set the solvent was 
kept the same, and the absorption spectrum of the solute was studied for 
different concentrations. Owing to the low solubility of both these 


TABLE I. — Absorption Spectrum of Fluorene. 


Vapour. 

.Alcoholic 

Solution. 

Molten Liquid. 

Solid Solution 
in Diphenyl. 

Solid. 

V, Av. 

V. Av. 

V. Ay. 

y. Ay. 

1 y. Ay. 

27200 

26770 

26320 

2(>000 

j 

26000 

410 

400 

400 

410 i 

410 

27610 

27170 

26720 

26410 

26410 

1030 

990 

1030 

lOIO 

loro 

28640 

28160 

27750 

27420 1 

27420 

420 

360 

350 

390 

390 

29060 

28520 

28100 

27810 

27810 

1030 

1 100 

1100 

1120 

1 1 20 

30110 

29620 

29200 

28930 

28930 

410 

400 


3 *:K> 

390 

30520 

30020 

1450 

29320 

29320 

1010 

1170 


1 160 

1 160 

31530 

31190 

30650 

304^0 

30480 

410 

300 


3.30 

330 

31940 

31490 


30HIO 

30810 

1060 

1070 


1030 

1030 

33000 

32560 


31840 

31S40 


TABLE 11 . — Absorption Spectra of Naphthacene and Perylene. 


State. 

Refract iv(* 
Index. 

.Naphthacene. 

Pery lene. 

Vapour .... 


22220 

23630 

24030 

25500 

Soln. in ether 

2 ’354 

21450 

22900 



acetone . 

1 * 3.59 

21410 

22820 



alcohol . 

1 -362 

21340 

22800 

22980 

24440 

chloroform 

1-446 

21230 

22670 



CCI4 

i- 4 <J 5 

21220 

22660 

22800 

24260 

m-xylene 

1-499 

21200 

22640 



benzene . 

fjot 

21200 

22640 

22770 

34230 

nitrobenzene 

1 - 55 * 

21160 

22570 



CS, ... 

1*629 

20700 

22170 

22110 

23580 

Solid soln. in anthracene 


20610 

22070 



chrysene 

i 


20610 

22070 




* As we mentioned in an earlier paragraph, we are giving here the positioiis of 
only the first few prominent bands in the absorption. For the complete absorp- 
tion spectrum of this substance, as also of naphthacene and perylene, see Pfoc, 
Ind. Acad, Sci^ 
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substances, all the concentrations studied were small. For these dilute 
solutions, the positions of the absorption hands were found to be practically 
independent of the concentration. 

In the second set, the absorption spectrum of the substance was 
studied in different solvents, and the positions of the bands were found 
to vaiy, as will be seen from the table, from solvent to solvent. This 
variation will be clear from Figs, i and 2 , in which are exhibited the 
absorption spectra of naplithacenc and perylene respectively, in three 
typical solvents (alcohol, benzene, and carbon bisulphide), taken in 
juxtaposition with the help of a Hartmann diaphragm placed in front of 
the spectrograph (Hilgcr Quartz E,). 

3. Discussion of Results. 

On comparing the absorption spectra of a substance in the different 
physical states, we observe, as we pass from vapour to the solutions and 
thence to the liquid and solid states, (i) a progressive broadening of the 
absorption bands, and (2) a progressive shift of the band system as a 
whole towards the red, the relative dispositions of the components of 
the band sy.stem remaining practically unaltered. 

Since the relative pf»sitions of the component bands are determined 
by the vibrational frequencies of the molecule, in the normal and in the 
excited states, while the position of the band system as a whole depends 
on its electronic frequency, result (2) indicates that the vibrational 
frequencies of a molecule remain pnictically the same in the different 
physical states, whereas its electronic frequency diminishes progressively 
as we pjiss from the vapour to more and more dense states. 

The actual magnitude of the shift of the bands towards the red as we 
pas.s from the vapour to the different physical states is given in the 
following table 

TABLE III. — Displacements of the Bands wuth Reference to their 
Positions i.v the Vapour State. 


Sutw lance. 

Soln tiuQ in 

CS,. 

Liquid. 

Solid. 

Anthracene 

SSo 


2000 

Napbthacene 

.S50 1 5 JO 

— 

1580 

Pcr>'lenc . 

I 1050 I 9 JO I 

— 

— 

Phenanthrene 

1 KSo i 

1 

1440 

Fluorenc 

[ 

880 ! 

1200 


A comparative study of the positions of the bands for the solutions 
in the different solvents throws some light on the factors that influence 
the shift of the bands. In Table II. the solvents arc arranged in the 
order of the increasing shift of the absorption bands, and on careful 
examination we find that this is also the order of increasing refractive 
index of the solvent, and of the solutions also, since the concentrations 
are small ; i.e., the greater the refractive index of the medium in which the 
absorbing molecules are dispersed, the greater is the shift, t&ivards the red, 
of the absorption bands of the molecules, from their positions in the vapour 
state. 

An examination of the shifts in other physical states showrs that the 
above result is very general, and holds not only for the solutions in 
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different solvents, but also for other physical states in which the absorbing 
molecules may be present, i.e, the result holds whether the molecules in 
the medium surrounding the absorbing molecules are of the same kind as 
the absorbing molecules or are of a different kind. For example, the 
molten liquid has a higher refractive index than the solutions, and the 
solid higher than the liquid. The shifts of the absorption bands from 
their positions for the vapour state follow also the same order, vis,, 
solutions, liquid, solid. 

If this conclusion is correct, since the refractive index of a solution 
changes with its concentration, we should expect the absorption bands 
to shift as the concentration increases. For the low concentrations 
studied by us, the change in the refractive index should be too small to 
give an appreciable shift of the bands ; the apparent independence of 
the positions of the bands in these dilute solutions, on the concentration, 
should doubtless be attributed to this circumstance. With suitable 
solutions, however, whose refractive indices can be varied considerably 
by changing the concentration, e,g., phenanthrenc in ether, the absorption 
bands of the concentrated solution are found experimentally to be slightly 
displaced towards the red, with reference to the corresponding bands of 
the dilute solution. 

It should be remarked here that, in the solutions that we are con- 
sidering, the solute molecules, vis., naphthacene, pcr>denc, phenanthrene 
and fluorene, are presumably all non -polar, i.e., have no permanent 
electric dipole moment. When, on the other hand, the solute molecules 
are polar, it is quite possible that the polarity of the solvent molecules 
may also have an influence on the absorption spectra, and the refractive 
index of the medium may not be the main factor influencing the absorption, 
as is the case with non-polar solutes, 

4. Influence of the Refractivlty of the Medium on the 
Positions of the Absorption Bands. 

The influence of the refractivity of the medium in shifting the absorp- 
tion bands may be explained in the following manner. In the usual 
Lorentz treatment of the refractivities of dense media, it is shown that 
the actual electric field (of the light-vector) acting on any given molecule 
in the medium, is greater than the “ field in the medium ’* by a factor 0 
given by the relation 

== I -f 4irx/3 — (n* + 2)/3, 

where x is the polarisation of the medium per unit volume per unit field, 
and n is its refractive index- The consequence is an apparent increase 
in the refractivity of the densely packed molecules as compared with 
that of the molecules in the gaseous state* 

This increase of refractivity due to close-packing may also be viewed 
from a slightly different angle, which is helpful to our present problem. 
It may be shown analytically that the influence of the LorenU polarisation 
field may alternatively be considered as causing a diminution in the 
electronic frequencies of the molecules, and consequently an increase of 
refractivity as required. Assuming that the molecules has only one 
absorption frequency v^, and that the refractive measurements refer to 
a frequency v, the change in due to the Lorentz field will be given by 
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For alcohol, w 1*36 and « 1*28 ; should be considerably less 

than {B — l)/2, and may have about a third or fourth of this value ; 

O'O^. Since the observed shifts of the absorption bands from 
the vapour to the solution are of this order of magnitude, we may presume 
that the influence of the physical state is mainly through the refractivity 
of the medium and the corresponding Lorentz polarisation field acting 
on the absorbing molecule. 

It should be remarked, however, that the intermolecular electric 
fields, which would be quite large especially in the solid state, may conduce 
to a Stark splitting of the energy levels of the molecules, and may also 
be a contributory cause for the observed shifts. 

5. Fluorescence Spectra. 

The influence of the physical state on fluorescence is very similar to 
that on absorption- Taking for examples fluorene and phenanthrene, 
the positions^ of their fluorescent bands for the alcoholic solution and for 
the solid are entered in Table IV, 

TABLE IV’’. — Fluorescence Spectra. 


i'ltioreiif. j 

Phenanthrene. 

AJcobotk Soln. 

SoM. 

Alcoholic Soln. 

Solid. 

I'. 

¥ Jy 

>•- Ji'. 

r. J¥> 

22360 

it 570 

22260 

21730 

1490 

1490 

1260 

1250 

23750 

23060 

23520 

22980 

1400 

1380 

1280 

1220 

25150 

I 

24800 

24200 

1230 

1230 

1230 

1300 

26380 

25670 

26030 

25500 

1240 

1280 



27620 

26950 




Here again, just as in absorption, there is a bodily shift of the bands 
as we pass from the alcoholic solution to the solid state ; and the magni* 
lude of the shift is also of the same order as in absorption. 

The intervals between the successive fluorescence bands are indepen- 
dent of the physical state, even 
as the intervals between the 
absorption bands are. More- 
over, the intervals between the 
fluorescence bands have the 
same magnitude as the intervals 
between the corresponding ab- 
sorption bands. 

The positions of the fluor- 
escence bands for solutions of 
perylene in alcohol, benzene and carbon bisulphide, are given in Table V. 

The relative positions of the fluorescence bands in the three solutions 
are clearly brought out in Fig. 3, in which the three fluorescence spectra 
are cochibited side by side. As will be seen from Table V. the fluorescence 


TABLE V. — Fluorxscencb of Solu- 
tions OP Pbrvlxnb. 


Solvent. 

First Band. 

Second Band. 

Alcohol 


21270 

22720 

Benzene . 


21000 

22460 

Carbon bisulphide | 

20380 

2x8id 
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bands shift towards the red by 270 as we pass from the alcoholic 
solution to that in benzene, and again by 890 cm.*“^ as we pass from the 
solution in benzene to that in carbon disulphide. The corresponding 
shifts in the absorption bands of the solutions are 210 and 870 cm.*“^ 
respectively. 

In conclusion, the author desires to express his grateful thanks to 
Professor K. S. Krishnan, for his keen interest and constant encourage- 
ment in the course of this work. 


ABSORPTION OF AIR BY MINERAL OILS. 

By a. Gemant. 

Communicated from the Engineering Laboratory^ Oxford University, 
Received 13/A February, 1936. 

1. Introduction. 

The purpose of this investigation was to measure the absorption of 
air by mineral oils in the most important working range of temperature, 
that is, from 20° to 80® C. Whereas a fairly considerable amount of litera- 
ture exists on absorption of gases by inorganic as well as organic liquids, 
some even of recent date,^ extremely little is known about corresponding 
data on mineral oils. The reason probably is that since oils do not possess 
a w^ell-defined composition, reproducible and characteristic data are not 
to be expected as for liquids with known composition. On the other 
hand, mineral oils are so important for their application to electrotechnics, 
that it seemed justifiable to look further into the question. The author 
is much indebted to Mr. B, L. Goodlet for ha\nng raised this suggestion. 

Oil is often used in combination with paper or pressboard for im- 
pregnated insulating materials. Since air is deleterious to the insulating 
property of the compound, the oil is degassed before impregnation begins. 
Degassing usually takes place at about lOO® C. ; it is therefore important 
to know" the changes with temperature of the absorption coefficient in the 
above range. 

In the International Critical Tables * a few data for oxygen, nitrogen 
and hydrogen are published, referring to a transformer oil of Pennsyl* 
vanian origin. Whereas there is a fairly large increase of the absorption 
coefficient from 25® to 80® C. with respect to hydrogen, there is only a 
slight increase with respect to nitrogen and a slight decrease with regard 
to oxygen. One w"ould expect a slight incrciwc for air containing roughly 
80 per cent, of nitrogen. 

In a recent investigation, F. M. Clark ’ gives values for the absorption 
coefficient in oils, which show a definite increase of some 10 per cent, in 
the temperature range in question. 

In the following pages, first the method will be described, followed by 
a few test measurements on water, in order to check the method. Wc 
shall then give the results for several oils and deduce therefrom a general 

‘ S. Hatnai, Chem, Soc. Japan DuU,, 1935, lo, 5. 

* Intern. Crit, Tables, Vol. IIL. McGraw-Hill. tgiS. 

» F. M. Clark, Franhl. In$i, J,, 1933, 115, 39. 
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rule for the temperature range covered. Finally, we shall add some 
conclusion drawn from this general result. 

2. The Method. 

The method for determining the absorption coefficient is in principle 
a manometric one. The idea was to determine the temperature coefficient 
of absorption by direct measurement of the difference between the absorbed 
amounts at 20® and 80® C. The method consisted therefore, in measuring 
(r) the absolute absorption coefficient at room temperature, (2) the differ- 
ence between 80® and 20® C. 

The first procedure was the following. A glass bulb was filled with 
approximately 130 cx, of the oil, the exact mass M of which was deter- 
mined. The bulb was then connected to a Metropolitan- Vickers low 
pressure oil pump and evacuated under vigorous shaking for five hours. 
After exhausting it, the bulb was brought to rest and air let in, and at the 
same moment the bulb was connected with a mercury manometer, both 
menisci of w'hich were level. Shaking now commenced, atmospheric and 
inside pressure being always equalised by lifting one branch of the mano- 
meter until both menisci were level. After twenty minutes of shaking, 
reading of the meniscus was taken, thus determining the volume V of air 
absorbed by the oil. The Bunsen absorption coefficient (volume of gas 
reduced to normal pres^ ure and o® C., absorbed by i cx. of oil at a partial 
pressure of the gas of 700 mm. mercury) is given by : 


LIL 

T vM 


- (I) 


where 7 ' - absolute temperature of air, T© ~ 273*1 and v rt= specific volume 
of oU. 

The determination of the volume difference r, corresponding to the 
different absoq)tion l^twcen 20® and 80° C., r*© — was carried out in 
the following way. The oj>en bulb, containing the oil, w'as placed in an 
oil bath of 80® C. and shaken for twenty minutes, so that absorption 
equilibrium was reached. The oil was then brought to rest and the hot 
oil of the bath quickly replaced by cold oil. After this procedure, a pause 
of two hours followed (with the bulb still open) in order to ensure complete 
thennai equilibrium at ro<im temperature. Preliminary measurements 
showed that this is reached in practically half an hour. Then the bulb w'as 
connected w*ith the manometer, shaking begun and the volume difference v 
determined. Since a certain amount of absorption takes place during the 
two hours of w*aiting, a preliminary measurement of the rate of absorption 
was taken with the bulb at rest. The absorbed percentage for the first 
two hours (with a completely degassed oil) has been added as correction 
term to the difference value v. 

3, Test Measurements with Water. 

In order to see wdiether the apparatus and the method work satis- 
factorily, some test measurements witli water have been carried out, the 
absorption coefficients of w'hich are knowm. Since the vapour pressure of 
water is comparable with that of the air, formula (i) has to be modified for 
this case. If the vapour pressure of water at room temperature is />, we 
have for the reduced volume of the gas, 

T. P - Prr 

T I\ ^ ’ 

If, on the other hand, the vapour pressure at the bath temperature is 


p', the quantit)’ 


T,P - ^ V 
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'Will give the absorption coefficient at a partial pressure of the air P 
Its value at the normal pressure P* is therefore 

_ T.P-p V 


p\ 


T P - p' vM 




instead of (i). 

First a few absolute measurements were taken, which are tabulated in 
Table I. In the first column is given the atmospheric pressure P in mm. 
mercury (where necessary), in the second the room temperature i in degrees 
Centigrade. The third column contains the bath temperature in degrees 
Centigrade, the fourth the mass M of the water, and the fifth the volume 
absorbed, V, The absorption coefficient a calculated by means of {2) 
follows, compared with its value known from the literature. To compute 
the latter, the International Critical Tables have been used, which contain 
the values for A, Henry's law constant, as measured by Winkler, a was 
calculated from K by means of the formula 


a = 


0*95 X lo* 
K 


TABLE I. — Absolute Test Measurements with Water. 


P in mm. 
Mercury. 

1 

in •€. 

r 

in "C. 

M 

in gr. 

i r 

in c c. 

a 

Calculated. 

! - 
» (Winlder). 


22*4 

22*4 

i 15*35 

2*13 

0*0x70 

0*01 80 

— 

22*4 

22*4 

163*80 

3*03 

0*0170 

0*01 80 

758 

26 

42*5 

151*7 

2x3 

00134 

00139 


As can be seen, the measured and known values of a agree within 5 per 
cent., which is satisfactory for our purpose. 

Two test measurements for the difference method follow, which is even 
more important from the standpoint of the oil measurements. Table II. 
contains the atmospheric pressure, the room temperature, the two re* 
spective bath temperatures, the mass of the water and the measured volume 
difference v. In the last column there is the value of t/ as calculated from 
the known values of a and using the following equation, deduced from (a) ; 

«' = • • (3) 

In this equation the indices x and 2 refer to the two bath temperatures. 

TABLE II. — Difference Test Measurements with Water. 


P 

ia mm. 
Mercury. 

t 

in •€. 

it 

in'e. 

fa'c. 

At 

in gr. 

V 

Utmvatd* 

V (Computed from 
VeliMi for a 
ol Wiiiliter}. 

761 

25 

23 

43 

143*22 

■■a 

073 

745 

18 

20 

40 

129*3 


0*69 


The agreement is again satisfactory. 


4« Results on a Special Oil Sample* 

Before giving the summarised results on different oil samples, we in* 
d^te the detailed results on a special oil (No. 2 of the list in Table HI*)- 
First the specific volume had to bt measur^ as a function of temperature. 
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Fig. I dhows the result as a straight line between zo^ and 100^. The absolute 
measurement is indicated in Fig. 2. The abscissae are minutes from the 
beginning of shak- 


ing and the ordin- 
ates c.c. of air pass- 
ing into the oil. In 
eight minutes the 
final value 

Fj, 12‘62 

was reached. Using 
equation (x), we 
have for iS*" C. 

tti, =» 0*088. 

As to the difier- 
ence measurements 
between 18® C. and 
80® C., two mea- 
surements were 
taken, one with 
two hours waiting 
for equilibrium, 
yielding 0-51 c.c. ; 
another with three 
hours waiting, 
gelding 0*45 c.c. 
These data have 
to be corrected for 



Fig, I. — Specific volume {v) as function of temperature. 
(Oil Nr. 2.) 


the waiting time. 

Fig. 3 shows the absorption rate with the oil in rest, the abscissae being 
again ixiinutes, the ordinates c.c. In one hour the absorbed amount is 
11*5 per cent, of the total ; in tw^o hours, 20*6 per cent., w'hich corresponds 
, to a value of 28*6 per 



Fig. 2. — Absorbed volumes of air as function of time. 
Oil shaken. 

(Oil Nr 2.) 

ixig (4) to our case above, we get 


cent, for three hours 
(assuming the function 
to be exponential) . The 
corrected values are re- 
spectively 0*64 c.c. and 
0*63 C.C., showdng a good 
agreement. This means 
that « 13-25 C.C. 

From equation (i) it 
is easy to deduce 

•• == 

The factor of in this 
equation should be 
cs^ed (i 4- A), if oc^ refers 
to room temperature 
and ttt to 80® C. The 
value of k wrill indicate 
directly the temperature 
variation of the abeorp- 
tion-coefiicient. Ap^dy- 


A sa — OHX>3» 

ixuUcating a difierence in « between xB and 80^ C. of 0*2 per cent* 
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Assuming f;to be correct^to so per cent,, which is justifiable according to 
the test with water, we may conclude that the difierence between ac|g and 
a,o*is certainly not greater than roughly i per cent. 



Fig. 3. — Absorbed volumes of air as function of time. 
Oil in rest. 

(Oil Nr 2.) 


5. Results on Several Oils. 

In Table III. the eight samples of oil which have been investigated are 
characterised either by some data concerning their origin and grade or 
else, if such were not available, by their viscosity at 20® and 60® C. 

TABLE III. — Data of Oil.s Investigated. 


Xo. 

Supplied by 

1 

Or igia of Oil. 

(iradc to British 
;Standard Spedfication 

Data in 
Poisr. 

1 

I Silvertown 
Lubricants 

Hussia 

i 

i ® 

\ 

-- 

2 

i 

i " ! 

1 

America : 
Kansas. 
Oklohama ! 

A. 0 


1 


Hussia 

B. 30 

. . 

4 1 

'• 

America : 

I Pennsylvania 

B. 0 

* ■“ 

5 

•• 


A. 30 

1 

23“. 0*21 ; 
58', 0 07O 

6 

1 

Shell -Me X 
and B.P. 

* — 

j 

21'". O'OOO : 

bo*". 0 02 2 

7 ! 

- 



21®, 2*0 : 

Oo®, 0‘2I 


Vacuum Oil Co. 

— 


“ Mobiloil BB ’ 


Whereas the first six varieties were more or less light oils, the last two 
were chosen as of the more viscous type. Table IV. includes the results 
obtained from these eight samples by means of the procedure outlined 
above. The first column contains the number of the oil in accord with 
Table III. ; the second the lower bath temperature, which varied according 
to the room temperature (the higher temperature was alw^ays 80® C.) ; 
the third Af , the mass of the oil ; the fourth and fifth the two respective 
specific volumes and f,. The total air volume V, and the difierence 
volume V come next, followed by a at room temperature and h according to 
equation (4). 

Apart from samples 6 and 7, none of the values of ft exceed a few tenths 
per cent. But since k for oil 6 is — 2 per cent, (temperature coefiictent 
negative), and for oil 7 + 2 per cent, (temperature coefficient positive), 
these somewhat higher values do not seem to be of great importance* 
Considering the bulk of the results, ^d allowing for 0*5 per cent, error in 
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TABLE IV, — Absorption Results on Oils Measured (between ti and 

80® C.). 


No, 

h * 

3 /. 

»'i* 

•*1. 

V . 

V. 


k. 

I 

10 

io 8*95 

1*164 

1*225 

12*48 

0*64 

0*092 

— 0*001 

2 

18 

113*0 

i*i8x 

1**143 

12*62 

0*63 

0*088 

— 0*002 

3 

15 


1*154 

1*214 

12*04 

0*66 

0*088 

-f 0*001 

4 

It ) 

io8'6o 

x*i70 

1*239 

12*00 

0*55 

o*o88 

— 0*005 

5 

20 

107*3 

1*165 

1*224 

12*25 

0*52 

0*092 

— 0*007 

0 

20 

106*2 

X*2I1 

1*280 

14*70 

0*45 

o*xo6 

— 0*022 

7 

20 

115*3 

1*083 

1*135 

9*8o 

0*66 

0073 

-f 0*020 

8 

20 

111*0 

1*139 

1*189 

io*6o 

0*46 

0*078 

— 0*003 


k, we may express the result by saying that the temperature variation of 
the absorption coefficient is practi^ly zero betw'een 20® and 80® C. ; at 
ail events, generally not greater than roughly i per cent. 

Taking the diflerenco in absorl>ed air volume per mass unit of oil, the 
temperature coefficient is of the order of -f 5 per cent. But this coefficient 
is practically identical with the corresponding volume expansion. Although 
a given mass of oil absorbs 5 per cent, more air at 80® than at 20® C., the 
absorbed amount per N oluine unit of oil is practically the same at both 
temperatures. 

As to the absolute amount aj, the results are in agreement with earlier 
obstiTvations, as well as its general order of 10 per cent, and to its de- 
creasing with increasing viscosity of the oil. (Oils 7 and 8 have the highest 
viscosity, oil O the lowest, in the series.) 

6. Thermodynamic Conclusions. 

Applying the secoiul law of tlurmodynamics to the absorption pro- 
cess, the equation 

In A _ ^ . 

dt - 

obtained. Here X is the Ostwald ab.soq)tion coefficient, which is re- 
lated with a by 



is the nwlar latent heat of absorption, flquation (5) allows us to 
compute the temperature coefficient of a in terms of the latent heat. 

Suppo.se that the absorption is a imrely phy.sical process, and that na 
interchimge whatever occurs lictwcen the molecules of the solvent and 
that of the gas. This mean -, that the increase in total energj- U during 
absorption of one mol of a gas is zero ; .since 

U == -d - 0, 

Adhere A = the maximal work, 

e = A 

But A is'known, if A is known, since 

A = RT In A 

Combining (5) and {7), we have 

dlnA _ _ InA 
dr “ T 

Thus,, for A > 1 , the temperature coefficient of A ought to be negative, 
with A < I negative. However, it b easy to show that equation (8) is 
not fulfilled at all in the case of oil and air. A is of the order of 0*1, which 


(6) 

( 7 ) 

( 8 ) 
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TOO 

means that ought to be of the order of 0*003, whereas our 

experiments indicate that it is less than 0*00007. 

In comparison, it may be shown that (8) is approximately fulfilled in 
the case of hydrogen and oil (taken from the data in the International 
Critical Tables). The mean value for a appears to be o*o6, yielding for 
the right side of (8) 0*0036. Since a increases from 0*051 at 25® to 0*069 
at 80° the left side of (8) appears to be 0*0024, — the same order as the 
right. 

In other words, hydrogen fulfils (8) and therefore (6), indicating a 
purely physical absorption. Air, and especially oxygen (see the Intro- 
duction), on the other hand, do not fulfil (6), indicating a certain inter- 
change between the oil and gas molecules. 

Assuming, therefore,^ that this interchange is involved with a certain 
drop q in the total energy, we obtain in place of (6) 

Q = A-\- q . . (9) 

Whereas it does not seem clear what kind of interchange may occur 
with nitrogen, there is no diflSculty in explaining the effect with oxygen 
as a kind of reversible oxidation, forming for instance some labile peroxides 
with traces of acids always present in oils. Since the experiments in- 
dicate Q to be very small, it follows from (9) that q must be of the order 
of A, which is given by (7). 

The conclusion reached is, therefore, that ox>'gen undergoes a secon- 
dary reversible chemical reaction immediately after absorption, and 
that the latent heat of this reaction is of the order of RT In X. This 
conclusion is supported by an investigation by the author on the oxida- 
tion of mineral oils, which is now in progress. 

7 . Electrotechnical Conclueione. 

There is first a remark to be made concerning the degassing of an oil 
preceding the impregnation process. Since the absorption coefficient is 
independent of temperature, the heating of the oil during degassing has 
itself no expelling effect whatsoever, as is sometimes thought. It is 
only useful in that it helps in removing the water and accelerates the 
new equilibrium under vacuum. 

A second point which has to be discussed, concerns the temperature 
variation of the breakdown strength of oil It is known that the latter 
usually increases with temperature in the range concerned. Clark 
observed — as already mentioned — a finite increase of « in the same 
range and developed a theory • which explains the former effect directly 
by the latter, by assuming that the breakdown strength varies propor- 
tionally to the square root of the air content of the oil In spite of 
the apparent aptitude of this assumption to explain several observations 
concerning the variation of the breakdown strength, there arc several 
objections which have to be raised : — 

(i) Mainly it should be emphasised that our experimental results 
indicate an absorption coefficient independent of temperature, although 
the oils under investigation show- the breakdown effect just as well as 
other oils, as break-down tests with oils Nos. 1-4, between 20 and 80® C, 
revealed. 


* G. Tammann, Z. anerg. Chem., 1926, 158, 17. 
‘ F. M. Clark, EUcirical Enginuringt 1935» 84f 
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{2) Our results show how very slowly the equilibrium is reached 
when the oil is in rest. Now the temperature change in the breakdown 
effect is immediately observable, after the temperature of the oil has been 
raised or lowered, although no appreciable change in the absorption 
equilibrium could have taken place during this short time. 

(3) Several autliors stressed the point that completely dry oil does 
not show the temperature-breakdown effect at all. This was proved 
recently by A. Lazarev,® who found that the breakdown strength of 
thoroughly dry oil decreases slightly but continuously with an increase 
of temperature. The peculiar curve obtained with wet oils can be 
explained by assuming an equilibrium between water in colloidal and in 
molecular solution, the second state being preferred at higher tem* 
peratures. That colloidal water is more deleterious than dissolved water 
is well known.’ 

Summary. 

(1) An apparatus and a method are described, based on the manometric 
principle, to measure the absorption of gases by liquids and its temperature 
coefficient. They are utilised here in measuring the absorption of air in 
mineral oils for 20® and 80® C. 

(2) It appears from results obtained from different oils that the Bunsen 
absorption coefficient, referring to the volume unit of oil, is practically 
constant in the above range of temperature, the variation generally not 
being larger than i per cent. 

(3) Thermodynamical conclusions from the above result indicate that 
the absorption of air in oil is followed by a first step of reversible oxidation 
proce.ss. 

(4) Some conclusions are drawn as to the temperature variation of the 
electrical breakdown .strength of oil. 

The author is much indebted to Professor R. V. Southwxll, F.R.S., 
for facilities in the Engineering Laboratory, Oxford, and to Messrs. 
Metropolitan -Vickers Electrical Co., Ltd., for a grant enabling him to 
carr>’ out this work. Further thanks are due to Messrs, Silvertowm 
Lubricants Ltd., and to Messrs. Shell-Mex and B.P. Ltd., for generous 
samples of oil put at the author’s disposal, 

• A. Laaarev, Technical Physics of the U,S.S,R., 1934. L 
^ A. Gcraant, Lic^uid Dielectrics, p. 139. New York, 1933. 


MAGNETIC SUSCEPTIBILITY AND OTHER PRO- 
PERTIES OF BINARY MIXTURES OF ORGANIC 
LIQUIDS. 

By V. C. G. Trew and J. F. Spencer. 

Received 19/A FAmary, 1936. 

In a previous investigation,* it was shown that the physical properties 
of mixtures of liquids of a chemically dissimilar type, between which there 
is the possibility of combination, e:^bit more marked deviations from 

* " Some Physical Properties of Miatores of Certain Organic Liquids," Tiew 
and Watkins, Trans. Faraday Soc., 1933. 
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the mixture law than mixtures of chemically similar liquids such as the 
members of an homologous series, but that even in the latter case con- 
siderable deviations do occur. In the present communication, some 
further binary mixtures are considered, in order to determine whether 
any general rule can be deduced connecting such deviations with differ- 
ences in chemical constitution of the liquids mixed. It was thought that 
differences in molecular weight, and hence size of molecule, of the con- 
stituents might be a factor causing deviations from the mixture law. 
In addition, the presence of positive and negative groups might also 
contribute to such deviations. 

Two groups of mixtures were investigated, the first consisting of 
mixtures of the aromatic hydrocarbons, benzene and toluene with wela- 
cresol and, for purposes of comparison, a set of mixtures of benzene and 
toluene. In the second group, mixtures of aniline with mWa-cresoi, 
nitrobenzene with m^/a-cresol and aniline with nitro benzene were in- 
vestigated. Measurements of density, specific heat, heat of mixing, 
refractive index and magnetic mass susceptibility were made. 


Experimental. 

A.R. materials were employed throughout, and these were then care* 
fully dried and fractionated until a constant boihng fraction was obtained. 

The density of the 
pure liquids was de- 
termined, using a 
standard pykno- 
meter, and was used 
as a criterion of pur- 
ity, the values b^g 
compared with those 
given in the Interna* 
tional Criiicai Tahlei^. 
Table I. shows the 
physical constants 
obtained for each of 

the constituent liquids. 

A series of mixtures was then made up. as previously de«.Til)ed.*-* con- 
taining varying weights of the tw-o coinpc..ents, the projwrtion of t?ach being 
expressed as moles per cent, of the total composition. The methods 
employed for the determination of the density, refractive index, and thermal 
properties were as described previously. The molecular refractivity was 
calculated from the refractive index, using the LorenU and I.x>renz formula 

R — j where m is the molecular weight of the constituent liquid 

when pure, or in the ca.se of a mixture, the mean molecular w’eight. The 
molar magnetic mass susceptibility was calculated from the magnetic 
mass susceptibility measured by the method previously described. * The 
results are summarised in the following tables. Tables II. to IV. give the 
values obtained for the various properties, while in Table V. the maximum 
percentage deviation has been recorded for each property investigated, 
with the exception of the specific heat which was not measured to a suf- 
ficient degree of accuracy to give comparative values. 

Physical Properties of Mixtures of Acetone and Hromofonn," Trew, 
Trans. Faraday Soc,, 1932. 


TABLE I. — Boiling-Points and Densities of 
Pure Liguios. 


Liquid. 

pTfMUrf. 

Boiling- 1^. 

Lktnsiiy of 

Benzene . 

758 mm. 

80*5*" C. 

08708 

Toluene . 

753 M 

iilo'^C. 

0*8565 

Aniline . 


l«4o‘=‘C. 

1*0148 

Nitrobenzene . 

7 b 2 

210-6° C. 

*1937 

A/e/a-cresol 

760 .. 

202*4° 

10292 
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TABLE II. — Dbnsity, I>J", Refractive Index and Molecular REFRAcriviTy. 


Mixture. 

Compo«itk)ci. 
Moll. Per Ceut. of 
Second Constituent. 

Density D®'’. 

Refractive Index 

«i)‘- 

MoL Rcfractivity. 

Benxene — Toll 

lene. 

J 



Benzene 

0 t 

0*8702 

1*49591 

26*16 

I, 

8-5 

0*8676 

1*49519 

26*63 

11. 

18-2 

0*8670 

1*49422 

27*05 

III. 

2(1*4 

0*8656 

1-49384 

27-48 

IV. 

35*7 

0*8636 

1*49327 

27*95 

V. 

45*5 

0*8606 

1*49277 

28-49 

VI. 

55-8 1 

0-8592 

1*49213 

28*^ 

VII. 

05-9 1 

0*8586 

1*49x61 

29-46 

viri. 

76*8 

0*8582 

1*49098 

29-98 

IX. 

88*1 

0*8570 

1*49074 

30*53 

Toluene 

100*0 

o-85t>3 

1*49030 

31*07 

Bensone— m-Cresol. 




Benzene 

0 ; 

0*8702 1 

1*49591 ; 

26* 10 

1 

8-8 j 

, 0-8878 j 

1*50044 

26-75 

II. 

« 7 -<> 1 

0*9026 

1*50525 

27-38 

III. 


1 0-9177 

1*50934 

27*97 

IV. 

35 <^ 

0*9350 

1*51419 

28-57 

v. 

45 -t 

0*9497 

1*51869 

29*22 

VI 

500 ! 

1 0*9672 

1*52310 1 

29*95 

vn. 

0 (v I 

0*9806 

1-52629 ! 

30-63 

VIII. 

76*8 

0*9977 

1-53*50 1 

31*34 

IX 

8vS‘0 

10142 

1 1 - 53 - 49 I ! 

3205 

Cresol 

100*0 

' 10293 

1 1-53812 ! 

32*84 

Tolueiie — m-Crotol . 




Toluene 

1 0 

i 0*8562 

i 1-49030 ] 

3107 

L 

1 «.!-5 

j 0*8786 

i I *49663 

31*29 

il. 

UrI 

! 0*8847 

1*49937 

313S 

Ill, 

1 31*0 

' 0*9X1 1 

1*50620 

31*61 

IV. 

! 4 I -5 

1 0*9307 

1*51133 

1 31*77 

V. 

1 47'4 

{ 0*9401 

1*51430 

j 31*91 

VI. 

) 57 *' 

! 0*9570 

i 1*51920 

i ^210 

vn. 

08*(i 

1 0*9754 

1 1-524-11 

1 32*32 

vni. 

i 77 *<> 

; 0*9906 

i 1-52787 

i 32*45 

IX. 

Sin 

- I •tX >82 

1-53329 

32*74 

Cresol 

j 100 0 

1 1*0292 

1 i*53Bi2 

1 32*^4 

Aiiilljie--Nltrobeiui«iie« 




Aniline 

0 

1*015 

1 1*58170 

i . 10*57 

1. 

8-7 

1*031 

1-5783* 

30*79 

11. 

18-2 

1*048 

1-57458 

31 03 

III. 

277 

1*068 

1-57117 

31x6 

IV. 

37 ‘^ 

1 *086 

1-56778 

i 31*42 

V. 

47*0 

1*104 

1-56478 

31*61 

VI. 

580 

1123 

1*56102 

31*88 

vn. 

0 (vl 

xi 3 <> 

1-55875 

32*04 

VIII. 

78-1 


1-55518 

32*32 

IX. 

89* I 

1*176 

1-55305 

32*61 

Nitio- 

la— 

1000 

1*194 

1-34928 

32*73 


Beiuene I I 
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TABLE II. ( conlinusd ). 


• Mixture. 

Coroposition. 
Molt. Vtr Cent, ot 
Second Constituent. 

Density Z>J*. 

Refractive Index 

«F- 

Mol. Reiractivity. 


i 





Aniline — m-Cresol* 


Aniline 

o 

1*0147 

1*58x70 

30*57 

I. 

12*2 

1*0187 

1*57577 

30*80 

II. 

13-7 

1*0x92 

1*57502 

30*85 

III. 

22*0 

1*0212 

157117 

30*99 

IV. 

37-1 

1*0232 

1*56431 

31*33 

V. 

45-4 

1*0273 

1*56075 

31*45 

VI. 

57*3 

1*0278 

I •53579 

31*77 

VII, 

66*2 

1*0281 

1-55187 

31*96 

VIII. 

77-6 

1*0287 

1 ■5469a 

32*27 

IX, 

88-6 

1*0290 

1 -54228 

32*52 

wj-Cresol 

100*0 

1*0293 

1-53812 

3^6*64 


Nitrobenzene — m-Cresol . 


Nitro- 

benzene 

0 

1*194 

1 

1-54928 

32*73 

I. 

10*1 

1177 

1*54794 

32 78 

II. 

19*3 

1*162 

1-54685 

3276 

III. 

29*3 

1-144 

1-54560 

! 32*82 

IV. 

39*2 

1*128 

1*54503 

32-83 

V. 

51*5 

i*io8 

1-54387 

3285 

VI. 

59*1 

1-097 1 

1*54282 

32-80 

VII, 

69*2 

x*o8i 1 

1*54x66 

32-76 

VIII. 

78*8 

1*063 

1*54029 

32-85 

IX. 

89-9 

X045 

1*53860 

32-81 

Cresol 

100*0 

1*029 

1*53812 

1 31-84 


TABLE III.— Thermal Data (Specific Heat, Heat of Mixing, Molecular 

Heat). 


Mixture. 

CoEDpoeitioo. 
Molt, rer Cent, of 
Second ConttituenL 

specific Heat. 

Heatof Misinc 
(Abaorbed). 
Calonei per Oram. 

Molecular Heat. 

Benzene — Tol 

iiene« 




Benzene 

0 

0*474 

— 

37 * 

I. 

19*6 

0*449 

0119 

363 

II. 

37-6 

0*426 

0*228 

35*5 

III. 

52*9 

0 * 4*5 

0*279 

35*5 

IV. 

69-3 

0 * 4*3 

0*228 

36*2 

V. 

85*0 

0*4x0 

0*145 

36-9 

Toluene 

100*0 

0*383 


35-3 

Benzene — m-Creeol . 




Benzene 

0 

0*474 

! — 

1 37-0 

I. 

a 4*3 

0*453 

2-03 

38-8 

II, 

40-4 

0*452 

2*53 

40-7 

III. 

69-8 

0*479 

«*39 

! 47'4 

IV. 

76-7 

0*487 

2*28 

49 *» 

V. 

88*9 

0*464 

1*60 

48-7 

Cresol 

100*0 

0 - 5*5 

0*00 

55-6 





V. C G. TREW AND J. F. SPENCER 705 


TABLE III. {continued). 


Mixture. 

Coim>ositk»Bi. 
Mols. Per Cent, of 
Second Ccmrtituent. 

Specific Heat. 

Heat of Mixing 
(Absorbed). 
Calories per Gram. 

Molecular Heat. 

Toluene — m-G 

Toluene 

resol. 

0 

0-383 

— 

35*3 

I. 

21-3 

0*408 

1*68 

39*0 

ir. 


0*425 

2*02 

41*8 

III. 

569 

0*436 

2 05 

44*1 

IV. 

73.7 

0*441 

1*45 

45*7 

V. 

87-1 

0-456 

0*80 

48*3 

Cresol 

100*0 

o- 5»5 

— 

55*6 

Akuiline — Nitr 

Aniline 

nbensene. 

0 

0*448 


41*71 

h 

23‘5 

0*443 

0*85 

44*36 

11. 

4 3 ‘9 

0*426 

1*24 

45*28 

III. 

61*4 

0*394 

1*22 

43*92 

IV. 

75*8 

0-383 

1*11 

44*35 

V. 

900 

0-367 

0*55 

44*08 

Nitro- 

100*0 

0-355 


43*69 

benzene | 

Aniline — m-Cresol. 

Aniline | 0 

0*448 


41*7 


I7I 

' 0*462 , 

, 1 - 97 * 1 

44*2 



«>*473 i 

3-88 • 

40*5 

ni. 

52 -9 

0*463 

4-85 • I 

46*8 

IV 

68-7 

o* 4(>3 

4-66 • 1 

47*9 

V. 

84-8 

0*463 

3-06 • 

4 5^*9 

Cresol 

100 -o 

0*5x5 

— 

550 

i 

Nitrobenxene — m*Greeol . 

Nitro- j 

benzene i 0 

0355 

1 

1 «■, 

1. 

13 « 

0*381 

1 1*00 

4 fc*o 

II. 

20*3 

■ 0*395 i 

1*27 

: 47*0 

III. 

4^*3 

0*416 

X30 

‘ 48*5 

IV. 

6o*4 

0*449 

1 I *03 

i 5 X *2 

V. 

790 

1 0*490 1 

1 0*57 

! 54*5 

Cresol 

100 0 

! 0515 1 

; ] 

i 

1 55*0 



* Heat evolved. 




TABLE IV, — De.vsitv />!*, Magnetic Sitsceptibility, Molecular Suscepti- 
bility. 


Mixture. 

Cotnpoiltkm. 
Molt. Per Cent, of 
Second Constituent. 

] 

Density 

1 ^ * • 

Magnetic 
Susceptibility 1 
- 10* A*. i 

Molecular 
SaaoeptB>i]ity 
- XM, 


1 

! 

1 ^ 


B«nMM — Toltt«iie. 


Benzene 

o 

0*8722 

0*710 

55*4 

I. 

6*40 

0*8710 

0*711 

562 

11 . 

» 5-35 

0*8692 

0*714 

57*3 

III. 

3417 

0*8668 

0*719 

59*6 

IV, 

45-44 

0*8640 

0720 

6o*6 

V. 

5*58 

0*8630 

0*721 

61*6 

VI. 

59-80 

0*8626 

0*723 

62*5 

VIL 

67-77 

0*8616 

0*724 

<> 3*4 

Tt^ttene 

100*00 

0*8586 

0*728 

67*0 
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BINARY MIXTURES OF ORGANIC LIQUIDS 

TABLE IV, (continued). 


Mixture. 

1 

Composition. 

I Mols. Per Cent, of 
Second Constituent. 

Density 

Msgnetio 
Susceptibility 
— 10 ^ X, 

Moieeulnr 
> Susceptibility 
-xo»XJf. 

1 

1 1 

Benzene — ^m-Cresol. 

Benzene 1 0 I 

0*8722 

0*710 j 

55*4 

I. 

10*65 

0*8916 

0*705 

57-3 

II. 

26*04 

0*9182 

0*696 

59-8 

III. 

40‘73 

0*9422 

0*692 

62-5 

IV. 

46-78 

0*9510 

0*689 

63-5 

V, 

58*06 

0*9670 

0*685 

63-4 

VI. 

73-64 

0*9892 

0-677 

67-8 

VII. 

88*67 

1*0051 

0*671 

70*2 

Cresol 

100*00 

1*0302 

0*672 

72*6 


Toluene — m-Cresol. 


Toluene 

0 

I. 

11-32 

II. 

22-24 

III. 

33-94 

IV. 

45-06 

V. 

54-66 

VI. 

76-12 

VII. 

1 87-74 

Cresol 

i 100*00 


Aniline Nitrobenzene. 


Aniline 

1 9 

I. i 

1 12-18 

II. 

26-55 

III. 

39-85 

IV. 

50-37 

V. 

59-00 

VI. 

72-83 

VII. 

87-83 

Nitro- 

benzene. 

100*00 


Aniline — f»f-Cresol. 


Aniline 

0 

I. 

12-05 

II. 

26*79 

III. 

42*75 

IV. 

47*88 

V. 

57*46 

VI. 

75 * 3 f 3 

VII. 

87*62 

Cresol 

100*00 ! 

; ! 


0*8586 

0*728 

0*8788 

0*718 

0*8978 

0*710 

0*9186 

0*705 

0*9386 

0*699 

0*9556 

0*694 

0*9922 

0*683 

1*0120 

0-675 

1*0302 

0*672 

i*oi8 

0*662 

1*040 

0*641 

I *066 

0*614 

1*092 

0*588 

I*III 

0*571 

1*127 

0-561 

1*150 

0*537 

1*177 

0*520 

1*198 1 

i 

0*502 

1 

I J182 

0*662 

1*0214 

0*663 

X*0250 

0*665 

1*0273 

0*668 

1*0282 

0*669 

1*0309 

0*670 

1*0315 

0*671 

1*0303 

0*671 

1*0302 

0*672 


I 


67*0 

674 

679 

68*7 

69*4 

(> 9*9 

71-2 

71*6 

72-5 


61 *6 
62*0 
62*0 
6i-8 
6i-8 
62*1 
6i‘7 
62*0 

6i*8 


6i-6 

62*9 
<>4-5 
66*4 
669 
68 a 
70 ^ 

7*'3 

72*6 


Nitrobenzene — m-Cresol. 


Nitro- 

benzene 

0 

1*198 

0*502 

6r*8 

I. 

12*98 

1*176 

0*522 

63*2 

11. 

27*20 

1 * 15 * 

0*543 

64*6 

111. 

41*48 

1*138 

0*566 

66*1 

IV. 

47*90 

1*117 

0-578 

67*0 

V. 

57*78 

1*103 

0-593 

I <>7*8 

VI. 

73*20 

1075 

0*620 

69*5 

VII. 

87*86 

1*031 

0*650 

71*3 

Cresol 

100*00 

1*030 

0*672 

72*6 
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TABLE V. — Maximum Psrcsntacb Deviation. 


Mixture. 

•9 

>> 

5 

6 

Q 

c 

Refractive 

Index. 

Magnetic Mass 
Susceptibility. 

Molar 

Refract! vity. 

Molar 

Susceptibility. 

Heat 

Evolved. 

Benzene-Toluene 

— 0*2 

-03 

— 0 *oC 

— 0*2 

4*0*26 

<0*1 

— 0*36 

Benzene — M^/a-crcsol 

+ 0-5 

*4-0*0 

4*0*25 

4 * 0*5 

4-0*26 

<0*1 

— 2*8o 

Toluene — Me/a-cresol 

+ 0*3 

4-0*3 

4-0*13 

4 - 0*4 

±0 

4-0*1 

— 2‘o8 

Aniline — Nitrobenzene 

+ 0-2 ! 

4-0*4 

-*0*15 

4-1*8 

+0-13 

-o-i( 5 ) 

■***125 

Aniline — AT^/ra-crcsol 
N itroben zene — A/ e/a- 

-f 0*4 

4 - 0*5 

j 

— 0*10 

— 0*1 

— 0-39 

<0*1 

4 - 4 *®o 

cresol , 

*i.O 

±0 1 

+ 005 

4 -i'i 

±0 

<0*1 

— 130 


Discussion of Results. 

1. Binary Mixtures from Benzene, Toluene and m-Cresol. 

Elxatnination of Tabic V. shows that, for all properties, slight deviations 
from the mixture rule are obtained, even for such chemically similar 
pairs of liquids as benzene and toluene. Density deviations at 28® C., 
were for all mixtures greater than for the lower temperature, 2 $^ C. The 
results for these three mixtures show a close similarity in the direction of 
the deviation obtained in the case of most of these properties. The 
deviations in density, refractive index and magnetic mass susceptibility 
for the mixtures of the hydrocarbons with m-cresol are all of the same 
sign, indicating that the causes of deviation are probably similar for these 
properties, in both mixtures. Benzene and m-cresol mixtures show 
greater deviations in all properties than do toluene and w-cresol. This 
suggests that when other factors, such as chemical dissimilarity, are 
absent, the deviations arc smaller the closer the molecular weights of the 
components are to one another. It seems also likely that the smaller 
deviation on mixing toluene and m^fa-cresol can be accounted for by the 
greater similarity of their molecular structure, that is, the presence of 
the methyl group in both. The shape of the toluene molecule would 
thus be more like that of the cresol, than w^ould that of benzene. 

2 . Binary Mixtures from Aniline, Nitrobenzene and m-Cresol. 

A marked change of colour was observ'cd on mixing aniline and 
nitrobenzene, even in the absence of light, suggesting that some con^ 
siderable change had taken place on mixing these liquids. The devia- 
tions obtained, however, were no greater than for other mixtures, in- 
dicating that any change is due to association, rather than to a de^ite 
chemic^ combination. The nitrobenzene — m-crcsol mixture appears 
to be nearly ideal, a somewhat unexpected result in view of the nature 
of the constituent molecules. Unlike the first group of mixtures, there 
seems in these three sets of mixtures to be no simple common factor 
causing deviations since Table V, shoi^ no relationship between the 
direction of the deviations for the properties investigated. It must 
therefore be concluded that deviations here are due to more than one 
determining factor. 
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General. 

The most important general result brought out by a consideration 
of columns 4 and 6 of Table V* is that for the six sets of mixtures the 
molar magnetic susceptibility is more nearly an ideal property than the 
mass susceptibility from which it is calculated. This is fully in keeping 
with the theoretical view that diamagnetic susceptibility is a fundamental 
atomic property. 

Summary. 

(1) The density, refractive index, heat of mixing, specific heat and 
magnetic mass susceptibility of a series of mixtures of the liquids benzene, 
toluene, #n-cresol, aniline and nitrobenzene have been measured. 

(2) None of the pairs of liquid mixtures can be considered as ideal with 
the possible exception of the nitrobenzene — m-cresol mixture which showed 
least deviation from the mixture law. 

(3) Similar deviations were obtained for different properties for mixtures 
of benzene and toluene, respectively, with m-cresol, the wider apart the 
molecular weights of the constituents the more marked the deviation. 

(4) For mixtures of nitrobenzene and aniline, respectively, with meta- 
cresol, no general rule governing the deviation of the properties investigated 
could be discovered. 

(5) The molar magnetic mass susceptibility proved to be a more nearly 
additive property than any other property investigated. 

The authors desire to express their thanks to Miss J. Cattermole, 
for carrying out the measurements of refractive index, density at 28®, 
specific heat and heat of mixing recorded in this paper. 

One of us (V. C. G. T.), desires to express thanks to the Council of 
the Chemical Society for a grant which partially defrayed the cost of 
materials. 
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CALCULATION OF THE RATE OF ELEMEN- 
TARY REACTIONS OF LIGHT AND HEAVY 
HYDROGEN. 

By L, Farkas and E. Wigner, 

Received 15/k January, 1936. 

1 . 


The reactions which will be the subject of the present paper are as 


follows : 


• . . (0 


k, 

D + D,->D,+ D . 

• • . ( 3 ) 


kt 

D+H,->DH+H . 

• • . ( 3 ) 


H + D,-^HD + D . 

. . . ( 4 ) 
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The first two reactions determine the rate of homogeneous thermal 
conversion of light and heavy para- <7r^/w7-hydrogen. The mechanism of 
the homogeneous thermal conversion of light />^^m-hydrogen into ordinary 
hydrogen has been cleared up in an important paper by A. Farkas.^ 
The rates of reaction (2) together with those of (3) and (4) have been 
measured recently by A. and L. Farkas * and compared with each other 
on the basis of the usual theory of collision numbers. In the present 
paper we shall compute the reaction rate of the elementary reactions (i) 
to (4) on the basis of more recent theories ^ since, so far, these are 
the only examples providing both theoretical and experimental data 
for a comparison. 

It will be interesting to calculate theoretically the number of inter- 
changes which take place per unit time and volume (sec. litre) and unit 
concentration (mol. /litre) of the reagents (H and H2 ^g-)* We designate 
as interchange a reaction involving atoms and molecules of the general 
type 


A + BC = AB + C 


where A, B and C represent H or D atoms. The rate of interchange can 
be measured directly, in principle, in cases (3) and (4). In reaction (l) 
only the rate of conversion : 


H + p-Hj + H . . . (la) 

can be measured directly. In the number of interchanges, as defined 
before, however, the reaction : 


H + p-Hj P-H2 + H . . . (ifrj 

should also be counted. The number of these is 1/3 of those w^hich lead 
to the ar/feu-molccule, strictly according to their statistical weights.® 
The total number of atomic interchanges is, thus, 4/3 times the nunSfer of 
para- ortho-conversions. Similarly the number of interchanges in case (2) 
is three times greater than the number of ortho- par a- conversions, which 
can be measured directly in this case.* 

The results for the rates of the first two interchange reactions are as 
follows : 


TABLK I. 


r. 

*1. 


283 ’ 

t-s X 

1 

373 ’ 

31 X 10* 

— 

«73 

i -37 X io» 

0-70 X 10* 

930 

j'7i X 10* 

0-88 X 10* 

973 

2*00 X lO* 

1*02 X 10 * 

1023 

2*38 X lO* 



* A. Farkas^ Z. EUhtrochem,, 782 ; Z. physih, CKem, 1931, loB. 

* A. Farkas and L. Farkas, Proc, Royal Soc., A, 1935, 15a, 124. 

* Pelser and Wigner. Z. pliysih, Ckern,, 1932, 15B, 445. 

* E. Wigner, ibid.t 19B, 203. 

^Eyring, J, Ckem, Physics, 1935, ^ Evans and M. Pdlanyi, Trans, 

Paraday Soc„ 1935, 31, 875. 

•A. Farkas, 0fM<?-hydrogen, para-bydrogen and heavy hydrogen,'* Cam- 
bridge, 1935, p. 66, 

’ K. H. Geib and P. Harteck, Z. pkysik, Ckem,, 1931, Bodensteinband, p. 849. 
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The ratio of the reaction rates of (i) and (2) according to Table L is about 
1*95. This differs somewhat from the ratio given previously * (which 
was 1*8) since the higher D atom concentration in pS per cent. o-D| com- 
pared with that in ordinary Dj is now taken into account. The increase 
of the H atom concentration in 50 per cent. p-Hj, which was used in the 
experiments on the conversion p-Hj can be neglected. The 

increase of H and D atom concentration in p-Hj and 0-D2 respectively 
is due to the comparatively low entropy of these gases. 

In the ease of reactions (3) and {4) it is not possible^ from the present 
data, to cc^late both *3 and *4 separately ; only one equation for ft, and 
can be derived. The reaction investigated was the formation of HD 


from H2 and D2 which had the mechanism : 

H2 2 H (a) 

D2 ^ 2 D {b) 

HD H + D . . (c) 

D + H, DH + H . (3) 

^6 

^4 

H + D2 HD + D .... (4) 


The content of HD in the reacting mixture was measured as function of 
time under different pressures and temperatures. The velocity con- 
stants of the three dissociation reactions will be denoted by ku 

that of the reverse, recombination reaction (which occurs at triple col- 
lisions) by Kt* The constants of the reactions (3) and (4) arc 

and A4 in the sense from left to right, and and in ^e reverse sense. 
Since the number of atoms is certainly low compared to the number of 
molecules, the number of the reactions (3} and (4) is greater than that of 

(a), (b) and (c) and the ratio [H]/[D] will be determined by them. 

Ca - [H «3 4 - h.[HD] I 

[DJ h,[DH] -f h,[D,] a • • • • 


The total number of atoms will be given of course by reactions (a), (6) and 
(c), these giving their stationary concentrations : 



Km + -f K*0L ) 


( 6 ) 


Now we assume that the same fraction of collisions of H + H and D + D 
and H 4- D leads to a recombination. This is, of course, only approxi- 
mately true. Thus Furthermore ^ 2K^, since the number 

of coDisions between n atoms H and n atoms D is twice as great as between 
n atoms H. From the dissociation equilibrium we obtain : 

. . . ( 7 ) 

firm f*rm 

which yields, inserted into (6) 

[H] + [D] == J + 2A'.[HD] . . (8) 

With the figures tor the dissociatioti constants at J » looo” we obtain 


where K 


[H] + [D 3 
[HD]* 


[DJ 


■ aCHD] 

UHJ i.33[H JV1 


[HJ[DJ- 


K is approximately 4 for xooo* abs. 
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The (»igmal concentration of H, will be denoted by c. Since the 
concentration of D, was in all experiments practically equal to that of 
H*, the momentary concentration are [HD] « that of 

[HJ - [D J « <:(i ~ y) 

Thus we have finally the following equation : 

[H] + [D] . Vi — y . + 0-57 + X'577-^ « i’25V Klfi (9) 

This means that the total concentration of atoms is hardly changing at all 
during the reaction. The numerical value for [H] -f [D] is the same as 
hitherto used.* We assume furthermore that the ratio [H]/[D] is always 
A1/A4 as in the beginning of the reaction. 

The kinetic equation for the rate of formation of HD is then 

= (*,[D] 4 - -y)- (A.[H] + A.[D])24:>' . (10) 


Integrated, this gives 

>00 — y. . . . . (II) 


where a ^ i(/i,[D] -f ^4[H]) and 6 = -f ^f)^] -f (\k^ + *»)[H]. In- 
troducing the cadculated values of [H] and [D] and expressing and 
by /f * and and the equilibrium constant * of the reactions (3) and (4) we 
have 


i>25 . 

Aj + ^4 


(12) 


b -r 


-f A4 


. {^,^4 4 - 0 38 -f 0-67^4*) 


* (13) 


The time of half-change of the reaction is determined by 6. According 
to the experiments • this time of half-change is 1*5 times greater than that 
of reaction (i) at the same pressure and temperature (in the region 800^- 

1000®). Thus 

^ k^VK.2c 

O *a . * . , 

1-5 


{14) 


The factor 2 enters under the square root because at the same pressure the 
concentration of H, is twice as great in pure H, (as used for reaction (i) 
than it is in the mixture used for the reaction (3) and (4). 

Hence we have 


^•*4 4 - o* 38^,» -f 0-67^4* 

0.75 j— 


( 15 )- 


which is the only equation for A, and A4 derivable under the above mentioned 
approximations from the present experiments. Into this equation we 
shall insert the theoretically calculated values of A» and A4 and see whether 
it checks. 


According to the usual collision number theory, the rate of reaction 
should vary with the temperature 


k 2= 6^06 io» 




8/;r(yVI. + MJ 


wMgMfi 


5 .,-ir/Br. (16) 


Here and are the diameters of the colliding particles (atom and 
molecule), M, and their masses. S is a steric factor, W the heat of 
activation. For reaction (i) in the temperature region 873*-r023* ahs. 
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one obtains for fV ~ 5500 cals., S = 0‘07. In the low temperature 
region the figures are IV = 7000 cals,, S = 0*13. Although this is not 
very unsatisfactory it is obvious that the formula, using rather crude 
assumptions of the kinetic theory of gases and containing two arbitrary 
constants 5 and W, cannot represent the true state of affairs, since a 
.y/rfr/ calculation of the reaction velocity constant must be based on the 
general methods of statistical mechanics. 


2 . 

A real theor>’' of reaction rates should contain no arbitrary constant 
at all. Attempts in this direction were made in the following way. 
London ® first introduced the idea of the energy surface. The con- 
figuration of a set of atoms (the three H*s in (i)) can be described by the 
distances between them. The energy of the atoms in a configuration is 
thus a function of their distances 

from which their motion during the reaction can be determined to a 
good approximation by classical mechanics, Clas.sical mechanics can 
be applied because of the comparatively large masses of the nuclei. 
The equation of motion, e.g., in the x co-ordinate is 

„ _ HE 

It should be emphasised that E can be calculated only by quantum 
mechanics and that it contains the energy which the electrons have if 
the configuration is characterised by Tjj, rjj, rjgj. Since this energy does 
not depend mi the masses of the nuclei^ the energy surface is the same for 
reactions I to 4. Of course there arc, according to the different quantum 
states of the electrons, many such energy surfaces, but here, in case of 
chemical reactions, we shall be concerned with the lowest one only. 

In Fig. I which is taken from the work of Eyring and Polanyi ® 
the contour lines of the energy surface of three H atoms are plotted for 
a straight configuration r^^ =■. rjj + atom 2 being in the middle. 
The angle hetweeti the axes chosen in such a way that the free 

motion (motion under the inllucncc of the gravity) of a small heavy bail 
on the surface of Fig. I corresponds to the motion of the atoms in a straight 
line.^^ The valley on the right of the figure corresponds to a molecule 
formed by the atom,s 2 and 3 {r^ small) i being free. The valley towards 
the top of the figure corresponds to the molecule formed by the atoms I 
and 2, 3 being free. If the system performs the reaction 

H<*) + H,<L *) + H<») 

the point representing the state of the system niu.st go somehow from the 
top valley to the valley in the right. The dotted line represents one such 
path. The following is the picture given by London for exchange 
reactions. 

* London, Sommerjeld FesUchrift, S, Hirzel, 1928, p, 104. 

• Eyring and Polanyi, Z. physik. Chem., 193*, 279, 

Professor O. K. Kice has iandly pointed out that this angle is 60® for three 
equal masses, instead of 1 20®, since the sign in formula (35) Z. physik, Ckem,, 

12B, 279 is incorrect. 
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The energy of the system is the energy of the heavy ball and it is 
evident ^at for very low energies a passage from one valley into the 
other is impossible. Only if the energy of the system exceeds a certain 
limit — that of point x in our figure — is such a passage possible. Points 
X are the highest paints of that path leading from one valley into the other ^ for 
which the highest point is as low as possible. Generally this path has only 
one highest point — its energy is the activation energy — only in our sym- 
metrical example there are two equally high points. The system in the 
activation point is called the “ activated contrplex or simply complex." 
It is evident therefore that the activation energy is given, if the energy 
surface is known, and this was aimed at in the pioneer work of Eyring and 
Polanyi.® It should be emphasised, however, that the present more 
accurate experimental data make more exact calculations desirable. Of 
course Fig. I represents, as already mentioned, the energy surface only 
for the straight configurations. P'or all configurations a three-dimensional 
surface would be necessary, but nothing would be changed fundamentally. 



if we consider a sy.stem of three atoms m a finite box, the energy" 
surface must be cut off at a certain point corresponding to the size of the 
box. The ball on our energy surface would roll around for some time 
in one valley, would pass over into the other, etc. The number of 
passages per unit time is equal to the number of atomic interchanges. 

It IS not easy to calculate this number exactly. It is quite possible, 
however, as we shall see, to calctdate the number of passages over the lines 
through the activation pimils x, where the energy surface forms a saddle. Now, 
in our case not eifery passage aver a saddle will lead to an atomic inter- 
change. After eifery passage through one of the saddles the ball will roll 
around in the little hole of ike middle of the figure and after a certain time 
wwy go on into the second valley or else may reiw n to the initial one. The 
relative probability of the first event will be the ratio of the number of atomic 
interchanges to the number of passages through the saddle. 

Although the number of passages through the saddles will be 

25 
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calculated sufficiently accurately this ratio can be estimated only. It is 
evidently rather near to ^ in case the atoms 2 and 3 are i%ial, because 
the ball in the hole will go out in both directions with equal probability. 
If the atoms 2 and 3 are different (one D, the other H), though the poten- 
tial surface is unaltered by this fact, the passage through both the 
barriers is for some quantum theoretical reasons not equally probable 
over the two saddles. We shall return to this point later. In this case 
the number of atomic interchanges will be only slightly smaller than the 
number of passages over the saddle which is more difficult to cross. 


3 . 


The calculation of the number of passages through a given saddle can 
be performed by the so-called transition state method . small strip 
in phase space is considered perpendicular to the direction of the baits 
motion during the reaction. The probability of the ball being in this strip 
can be calculated by ordinary statistical mechanics. In the classical 
theory this probability is given by 



Ure-yf^T 


In the numerator the integration must be extended over the strip, in 
the denominator over the whole phase space, V is the (potential) energy. 
The number of passages is obtained by multiplying this quantity by 
the mean component of the velocity of the ball which is perpendicular 
to the strip, and dividing by the width of the strip. 

This classical theory must be corrected, of course, for quantum effects. 
There is the aero point energy, the quantum-mechanical leakage through the 
barriers and finally the jump from one energy surface to the other, which must 
be taken into account. 

The formula which takes the first two effects into account ♦ and is valid 
for exchange reactions in ttfhich the activated complex is straight is : 




ikr • ' 1000 


Here, and M„ are the masses of the colliding atom and molecule 
respectively. 1^ is the moment of inertia of the activated complex, 
that of the molecule, Q the activation energy, the Avogadro 

number, is tlie vibrational frequency of the molecule which 

corresponds to 12 500 cals./molc energy in Hj and 8900 cals./molc in Df, 


For the hiittory of this method, cf. Evans and Polanyi, Tram. Faraday Soc., 

• This fonnula is identical with that derived ^ Felxer and Wigner • and 
Wigner.* and is practic^ly identical with that of Eyring.* Eyring*s fommla, 
however, does not contain the zero point energy of the complex explicttly and also 
neglects the leakage through the barrier. 
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is the deformational frequency of the complex and v, the other stable 
frequency of the complex, whereas is the imaginary frequency of the 
same : can be calculated from the curvature of the potential surface 

in the same way as the real frequencies, except that the second derivative 
of the potential surface which is negative in this direction must be taken 
with the positive sign, k is the reaction velocity constant in mole/litre 
sec. ; y is the above discussed ratio of the number of atomic interchanges 
to the number of passages through one of the saddles. 

The first line of formula (17) takes into account the classical quantities 
only, the second one contains the effect of the zero point energy of both the 
molecule and the complex and the effect of quantized vibrational levels. In 



2sinh Pv I — g-kifikT* 


the numerator is due to the zero point energy J/tv, the denominator is the 
sum of stattrs for the vibrational state'?. * The last factor (i + 
contains the “ tunnel ” effect. In consequence of the negative curvature of 
the energy surface perpendicular to the strip^ some passages will occur by 
leakage even if the energy of the ball is not high enough to reach the activation 
point. This manifests itself in the last factor virtually as a negative zero 
point energy of the activated complex, as it facilitates the reaction. 

The deformation frequency is doubly degenerate and enters as a 
squared term into (l?)* A straight 3 atomic molecule has 4 vibrational 
2 rotational and 3 translational degrees of freedom, al- 
together 9 degrees of freedom. 

If the energy surface of § 2 is known all quantities entering into (17) 
may be calculated, thus (17} differs considerably from the formula of 
kinetic thcor>^ The activMtion energy Q is the difference between the 
potential energ\' of the activation point and the bottom of the valley 
from which the reaction starts (without zero point energies). 

For the calculation of vibrational frequencies, the potential energy 
in the neighbourhood of the activation point must be Imown up to the 
second power terms of the distances. This will be assumed to have the 
form : 

V Q + p{r^ - 0*85)* - f{ri, - 1-25)* + 5^* 

= C + .... (l8^ 


the activation point having the co-ordinates = 0-85 A., r^^ = 1-23 A., 
S is the deformation angle 123. The fact that no — 1*25} {r^ — 0-85) 
Tzrm enters is not evident, a priori ; but can be seen from the figure, 
p, q, s arc positive constants the values of which can be derived from the 
Fig. I. 

For the vibrations, “ and v,, 8 == 0 can lx: assumed and the molecule 
put into the x*axis. The kinetic energy can be written then if we denote 
by Aft and the masses of the three atoms 


if 


+ AW) 

^ 2 (M^ + A/, + Ah) 

^ At, -A- A/, + M, 


_ .W,i, -f A/,i, + 

2(M, + Af, + .V,) 
AW + A/.)(i:,-ifc,)« 
2{M, + M, + M,) 


(»9) 


• The vibrational state* are considered as " harmonic.*' 
>» Cross and Vleck, /. Chmmicul Physics, 1933, 1, 350. 
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which gives, if one omits the first term, assuming that the centre of mass 
is at rest : 

+ AU) . M^{M, + M,) z, M,Mjv 

* “ 2(M^ + 2(M^ + Ml + M, + M, 

= + ithV* + ( 20 ) 


If the last term were not present, the motion of the ball could be described 
in rectangular co-ordinates. 

d 

The equations of motion are hence ^ ^ “ 

+ M’j = — 2/*^ . . . . (21) 

+ fHi — + 




etc. 


Assuming 


we obtain 


f = a* cos 2 nvt^ = fr* cos Iwvt 


4 Tr*v* 




( 22 ) 


One of the two values of 47 r*p* is positive, corresponding to the stable 
vibration v*, the other negative corresponding to 
the unstable vibration 

The values for p and q can be estimated from 
the Fig. 2 which shows the two cross -sect ions of 
the saddle, p = 3*10® cals. /mole A.*, q = 4*io^ 
cals. /mole A.*. For the reaction (i) this value of 
p and q gives \hv, = 5300 cals. /mole, \hvi ~ 1840 
cals. /mole. There is no objection on theoretical 
ground.s against the first figure. A glance at 
Fig. 2 b shows, however, that a negative^ zero point 
energy of 1840 cals, is not possible in this case, 
since the energy — distance curve of Fig. 2 docs 
not continue to be even nearly parabolic thus 
far. We have arbitrarily decreased \hvi to 1000 
cab. /mole in the low temperature region. It 
should be mentioned that it is not possible to 
justify th’" procedure at present, but it hardly 
effects our results. Eckart has shown how to 
calculate the non-classical penetration of potential 
barriers of rather different shapes and Bell has 

used hi.s results for 

ao I 1 the reaction H ~f 

It must be men- 
tioned, however, 
that Eckartb results 
apply to a one- 
dimensional problem 
only and the fact 
that Bell omitted to 
take the zero point 
energy \hvg of the 
perpendicular vibra* 
tion into account 


kcU 

xi 

13 Y 

It 

X4 




•i7 Af A# 


Fig 


f ,4 
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invalidates his results to some extent. On the other hand the method 

hv 

for many dimensional barriers ® is applicable only if the ^ are not great, 

i.e., in the high temperature region only. Here (17) has been used conse- 
quently, with J/iv<=i 840 cals./mole. Since the formula, though not 
sensitive for the tunnel effect being always comparatively small, is 
rather sensitive for \hv^^ the latter has been determined from the measure^ 
ments {cf. section 4) and p calculated backwards. From this new p the 
\hvg were obtained for the other reactions since the ratios of hr, and hvf 
are practically independent of the value of p. These ratios, as obtained 
with aid of formula (22), are listed in Table II. 

Wliile the displacements are in the direction of the internuclear line 
for the vibrations v, and v*, they arc perpendicular to this in the deforma- 
tion vibration V4, We shall denote these displacements by yj, y^, y, for 
the atoms I, 2 and 3, the condition that the centre of gravity is at rest 
and y = O, i» then 

Myy\ + + il/aVa = 0 . . . {23) 

We can put down the condition, furthermore, that the molecule has no 
angular momentum around the middle atom (in virtue of the previous 
equation this holds, then around any point) : 


A/jVi 1*25 — - t) 


The deformation angle S is 


-- yi >2 , >3 y$ 

•25 0-85 


(24) 


and the potential encrg>' The equations of motion are : 


MiVi - - 


^>'1 


2 sb 

V2S 


and similar equal ion> for y* and >'5, which are automatically fulfilled, 
however, if we assume (23) and {24) from the beginning. These equations 
allow us to express Vj and y^ by Vj and thus ^ by y’l alone. The equation 
of motion one obtains thus, is : 


yi 


av, 


■ [i-25* o «5* -'A "^(1-25 0-85) .uj ■ 


(25«) 

(25<-) 


the deformation frequency i.s consequently 


•'d 



(26) 


The constant s should have, according to the calculated energy surface, 
the value 9000 cals. /mole. This gives hv^ =2150 cals. /mole for reaction 
(l). It should be mentioned, however, tliat the vralue of s is rather 
.sensitive to small changes of the constants from which the energy surface 
is derived, and not too much stress should be laid on this value of 

The ratios of 1*4 for the different complexes arc listed also in Table II. 
in which the symbol means {e.g., D— DH) the activated complex <rf 
reaction (4) in which the H is nearer to the central D atom than the 
other D. 
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This completes the calculation of the frequencies. The ratio of the 
frequencies for reactions (i) and (2) is always V2, independent of the 
actual model assumed. 

TABLE II. 


Symbol. 

Relative. 

j.. 

V,. 


Vd- 

H—HH . 

5*4 

J‘77 

^*43 

yji X io“*» 

D— DD . 

3« 

1-25 

1*72 

7'42 X lo 

D—HH . 

5*4 

i-4i 

2*37 

5*25 X 

DH— H . 

4*6 


; 2*30 

4*00 X 

H—DD . 

3*« 

I 

i* 8 i 

4-90 X 10 

HD— D . 

4*7 

1-30 

i-9i 1 

5*52 V 10 


The moment of inertia of the complex which is necessary to caL 
culate the velocity constant according to formula (17) can also be readily 
obtained from the energy surface. As already mentioned the distances 
of the end atoms from the central atom are 0*85 A. and 1-25 A. In the 
symmetric case there is only one momentum of inertia, in the asymmetric 
ones, the momentum of inertia of the complex is different in the two 
activation points. 

If 2: is the distance of the centre of gravity from the middle atom, the 
momentum of inertia is given by 


and 


/e = A/i(r25 — x)^ + + 3/3(0-85 + x)* 

Aft I -25 - a/,0-85 


(27) 


does not depend very much on the dimension of the complex, llie 
moment of inertia of the Hg molecule is known from spcctroscopical 
data. It is 0*467 x 10*^ g. cm.* and is twice as great for Dj. 


4 . 

In fact the energy surface for reactions I to 4 is not known at present 
with sufficient accuracy, especially not for the calculation of the constants 
for which (7) is sensitive, i.e., and V4, Therefore another procedure 
will be adopted in this section : a part of the experimental data will be used 
to calculate the constants of the energy surface relevant for these quantities. 

First of all we shall compare the reaction rates of (l) and (2) in the 
high temperature region. This ratio is, according to Table 1., 1*65 at 
950® abs. and we obtain the following equation ; 

^ = 1-05 = ,,/. sinh.V29 /sinh PvjV 2 \ » sinh ( 1 + 1 ( 3700 /?)*) * 

kt sinh 2-34 ‘ \ sinh fivg ) sinh jSv, {i+Mi700p)*) 

(28) 

* This formula for the ratio of the velocity constants of the two isotopic 
reactions is esaentiaBy the same — if we neglect the tunnel effect — as the usual one, 
derived from the kinetic expression (i6). 

The difference in the * ' over all " activation energy of the two isotopic reactions 
is at low temperatures o ii{hv^ - hv^ — zhp^). 

[Continuation of footnote on next page. 
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if vj and v, are the constants of the complex HHH and 3700 cals., according 
to the calculation on page 715, for HHH. Since is certainly not 

greater than unity, we can put sinh at = and thus we obtain 


finally : 


sinh fivjV 2 
sinh pPg 


== 0-54 


which gives fiv, = 1*9 and hv^ = yiQO cals. /mole. 

In order to calculate the energy of the activation point Q w-e shall use 
the experimental figures for the temperature dependence of From the 
figures of the Table I. yields 

7-«.^=--T‘^‘=3-4to3-5 . - • (29) 


whereas theoretically we obtain for the expression from equation 

(17) 

7' ^^" “ — 5 4- — pVm coth coth + fiv, coth 

- (30) 


In.serting the values for v, and and putting coth approxi- 
msately • 2*20 we obtain by comparison w’ith the experimental value for 

QjRT = 3*4 and Q — 6400 cals. 


According to this calculation the energ\' of the activation point is rather 
low and is not in good agreement wnth the calculated value* which is 
20,000 cals. However the first approximation calculations of chemical 
bonds are generally uncertain by this amount. The remaining unknown 
frequency V4 will be determined from the absolute value of the reaction 
rate of (l) at 950® abs. 


..85 X ro> 

^ 30*8 smh 1-90 


i’i6 

{sinh Pvt)* 


{3«) 


This equation solved yields — 074 and thus 2800 cals. /mole. 


In the ratio of the two velocity constants the factor 

_ sinh / sinh • 

sinh sinh ‘ \ sinh ^4 / 

tends at low temperatures to r \ v a/ 

The factor 2*'^ in the ratio ^ is partially compensated by the term 

/ sinh^Tj/Va X* 

\ sinh pp^ ) 

and becomes (at high temperatures) V2I In the kinetic formula this ^/7 arises 
from the lower number of collisions in the heavier isotope. 

^ For small PP4, zppg coth ppg % 2. 

25 •• 
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In this section we shall compare the theoretically calculated values 
for and with the experiments and calculate the reaction rates of 
(i) and (2) at low temperatures. In the case of H + Hj H, + H the 
theoretical figures can be checked also by the experiments. 

and ^4 can be estimated on basis of the values of and 

obtained in the preceding sections with aid of the Table II. In these 
cases, however, the molecular constants of the complexes in the two 
activation points are not equal, and consequently also the number of 
passages over the two saddles will be different. The number of passages 
over the two saddles of the reaction (3) is given by 


(D - HH) : = 3-6 X 1-25 

(DH - H) : «s" = 3-6 X 


sinh I2400i8(i + ^2960*^*) 
(sinh 2730/^*sinh 7200)^ 

sinh I 2400 j 3 (i + ^2880^)8*) 
(sinh 2750/8)* sinh 6140/8 


(32) 

(33) 


which yields for Wj' = 2*95 X lO* 


mole 
litre sec. 


and for 


= 3-5 X 10* 


mole 
litre sec. 


at 950® abs. 


Analogous formula for the reaction H -f D* gives for the saddle (H — DD) 


2‘0 X 10* 


mole 
litre sec.' 


and for the saddle (HD — D) 

«4" = 17 X 


« mole 

I0» , 

litre sec. 


at the same temperature. 

The number of atomic interchanges which in the symmetric cases was 
calculated with y = J from the number of passages over one of the 
saddles, in the case of the reactions (3) and (4) can only be estimated. 
Since for n* = n'' y = and for the other limiting case if n* with 
y = I, = n", we shall put in both cases y — J, and thus A3 and 
become 


A, = 27 X 10* 


mole 
litre sec. 


A4 = 127 X 10^ 


mole 
litre sec. 


In order to compare these theoretical values for A3 and A4 with the cx- 
perimpts we have to insert them into the formula (15) of section I. 
The right side of the formula yields 1*65 x 10* in agreement with the 
experimental value 1-4 x lO* The agreement must be considered 
quite good, especially since the right side of the formula (15) is propor- 
tional to y, which was chosen rather arbitrarily Unfortunately, lack 
of more experimental and theoretical data about the reactions (3) and 
(4) makes it impossible for us at present further to check formula (15) 
for a wide range of H, and D, concentrations, and also for different 
temperatures. 
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It is remarkable that the velocity of reaction (3) is the fastest among 
all elementary reactions of hydrogen. This is caused by the compara- 
tively low zero point energy of the activated complexes D — HH and 
DH — H. This was predicted by Polanyi on qualitative considera- 
tions. 

In Fig. 3 the energy diagrams for all the reactions (l to 4) are sketched. 

In the initial state the zero point energy difference of H and D is neglected 
(the zero point energy difference of H and D is 84 cals., H having with 
this amount greater ionisation energy), in the activated state only the 
positive part of the zero point energy is taken into account, 

:)hc energy levels of the com- u^un 
plexes arc in the same order 
like those which, in the paper ’ 

of Farkas and Farkas were 
calculated on basis of rather 
crude assumptions about the 
force constants of the acti- 
vated complexes. The main 
difference in the absolute 
values of the zero point 
energies arises from the in- 
clusion of the deformation 
frequencies which were ne- 
glected in cf. 2 . 

Much less 
satisfactory is 
the agreement 
between the 
theoretically cal- 
culated rates for 
the reaction (i) 
and the experi- 
mental figures at 
low tempera- 
tures, as given in 
Table I. F'or the 
reaction (2) thus 
far no experi- 
mental data are 
known at low 

temperatures.* ^ 

With the con- 



‘T 


A C/lVaf /M/A# 


o 

o 


I 


I 

<0 


slants, Q, obtained in section 4 and v, which was derived Irom 

the rough energy surface, the calculation of the rates of the reaction (l) 
is as follows : 

The tunnel effect in this region as mentioned on page 715 is sufficiently 
accurately given by (l + 1/6(2000/8)*) which factor has at T = 283® abs. 
the value 1’52 and, at T = 373®, t-30. At this temperature region sinh * 
can be replaced by Je* and we obtain, inserting the numerical values into 

(17). 


** Polanyi. S^otnre, 1934» *33* 26 . 

* According to the theoretical formula ( 17 ) the ratio of should at room 
temperature be 3 * 1 . 
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6600 mole 

57 X 10'® X l•52e“55i^:s^ = 5*9 x 10® 


6600 


5*0 X 10'® X I\W“33i1^=== 8*8 X 10® 


litre sec.* 
mole 


litre sec.* 


instead of the experimental figures of 1*3 X 10® and 

3*1 X lo® corresponding temperatures. 

The 66oo Cal, which appears in the exponential factor is the “ over 
all ” activation energy at low temperatures. This energy IV is in this 
region 

Theoretically, is thus given by : 

,o.x <-> 


T enters into this formula, besides the exponential factor essentially in 
the power, in contrast to the kinetic formula, and also to the 
theoretical temperature dependence at high temperatures. 

It is at present impossible to tell whether this discrepancy is caused 
by some errors in the experiments or by the imperfection of the theory. 
It must be emphasised, however, that it is impossible to fit both the low 
and the high temperature measurement on the reaction rate of (i) to 
the theoretical calculations by alteration of the constants y„ Q, of 
section 4. 

If one uses the low temperature measurements, instead of the tem- 
perature dependence of at high temperatures, to determine live 
vibrational frequencies, one obtains the follow^ing set of values : 
Av, = lo6cx) cals./mole, = 1500 cals./mole and the activation energy 
becomes 7800 cals./mole. With these constants one can fit all measure- 
ments, except, however, the temperature dependence of Aj and A| in the 
high temperature region. 

Possibly the calculation of Q from the temperature dependence of 
Aj at high temperatures according to equation (30) is affected with the 
greatest inaccuracy. The temperature dependence of Aj is namely 
derived from the data about the thermal conversion of o-H|. 

The velocity of this reaction varies very much, since the thermal H atom 
concentration is enormously increased with rising temperature, and thus 
the directly measured figures on the temperature dependence of the 
reaction p-H* o-H* show a more than ten times higher temperature 
coeflBicient than that of itself. In A^, for instance, the increase of the 
thermal H atom concentration has been taken already into account. 
In this connection it should be mentioned that the experimental figure for 

^ 4 ^ . ^ is practically the same as for reaction (i), namely 3*5, whereas 


♦ By dividing this formula by the kinetic formula (16) (if we neglect the tunnel 
effect) we obtain for the steric factor the complicated expression 

^ mrjBZ 

Hence S is, in the low temperature region, proportional to T**, 
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according to the formula (30) the theoretical value with the respective 
values for the molecular-constants of the complex DDD yields 4-12. 
This discrepancy may be due to the state of affairs just mentioned, 
which holds also for reaction (2). A small uncertainty in the larger 
temperature coefficients of the thermal artko-para-convtrsiom causes 
a comparatively large uncertainty in the temperature dependence of 
reactions (i) and (2). 

If we assume that the measurements at high temperatures on the 
reactions (i) and (2) are fairly correct, the discrepancy at low temperature 
between the experimental data and the theoretical rate must be ascribed, 
as already mentioned, either to errors in the experiments or to some im- 
perfection of the theoretical treatment. It is planned to revise the 
experimental data in a wide temperature range for both reactions, since 
it seems very important to decide wdiether the present theory of reaction 
velocities, as developed recently, is correct or not. 


Summary. 

The velocity constants of the elemental*)' reactions of hydrogen and 
tleuterium 


H 


• (1) 

1 ) 

. I). I), H . . 

• (i) 

I) 


• (3) 

H 

f D,- HI) r 1 > . 

• ( 4 ) 


are calculated on basis of the formula 
* l U,t/ 


Jik 

1000 

sinb 


(sinh sinh 


. (I 


which was derived by Pelzer and Wigner and Wigner for this type of 
reaction. The constants and of the molecule are known from spec- 
troscopic data. The molecular constants /«, for the different 

complexes involved in reactions (i to 4) are partly computed by the energy 
surface of these reactions and partly obtained by comparison of one part 
of the experimental data with the theo^>^ The remaining experimental 
data on reactions (i to 4) are then compared with the calculate velocity 
constants. 
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PART I. 

The photo-oxidation of methyl and ethyl iodides has already been 
investigated and the products obtained interpreted in terms of reactions 
between the methyl and ethyl radicals and molecular oxygen.^ 

The importance of these radicals in the oxidation of orgiinic com- 
pounds is, however, probably secondary to that of the methylene radical * 
Kassel,* as a result of his study of the pyrolysis of methane, suggested 
that this radical w'as chemically rather inert. More recent work, however, 
has thrown considerable doubt on the reality of the inertness of methy- 
lene and the part played by it in methane pyrolysis,* The investigation 
of reactions in which there are good grounds for believing that methylene 
is formed is, therefore, likely to be of considerable value. Norrish * has 
demonstrated the probable formation of methylene by the photo- 
decomposition of diazomethane, and the photo-dissociation of gaseous 
methylene iodide might also be expected to give rise to this radical. 

Methylene iodide was chosen for the present work on account of its 
far greater stability. Parallel experiments with diazomethane were 
also commenced but discontinued aher a number of explosions had been 
experienced. 

Materials. 

G^mmercial methylene iodide was treated with thiosulphate to remove 
iodine, washed with water and, after drying with calcium chloride, was dis- 
tilled in vacuo. 

Oxygen from a cylinder was passed through a liquid air trap and used 
without further purification. 

Apparatus. 

Preliminary ex|)eriments to discover the nature of the products and 
the best conditioas were carried out in the simplest possible manner. 
Oxygen stored in an aspirator was sucked by a Hyvac pump through 
a train consisting of a d^ing tube, capillary, bubbler filled with methylene 
ic^ide, a cyiindric^ silica reaction cell, a second capillary and a liquid 
air trap. The capillaries were chosen so as to give a pressure of a few^ ems, 
of Hg in the cell, which was illuminated with the full light of a mercury 
arc. 


• J. R. Bates and R. Spence, J.A.CS., 193*. 53 * *<>89 ; L. T. Jones and J. R. 
Bates, %btd,, 1934, 9 ^* 2285. 

• R. G. W. Norrish, Proc. Roy, Soc,, 1935. igoA, 36, 

• L. S. K^el. J.A.C.S,, 1932. 54, 3949. 

O* Hice and A. L, Glasebrook, ihid,, 1934* 36, 2381 ; Belchets, Trans. 
Faraday Soc., 1934, 3 «>i *7o- 

• F. W. Kirkbride and R. G. W. Norrish. J.C.S., 1933. 119. 
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The results obtained indicated the probable formation of gaseous pro- 
ducts. The low vapour pressure of methylene iodide (about i mm. Hg at 
room temperature) was not favourable to the use of a static system and a 
closed circulating system was consequently adopted. 

The apparatus is shown diagrammatically in Fig. i . 

Two thermostats were employed, one of which contained only the 
methylene iodide saturator A, consisting of 40 cms. of 2 cm. diameter tubing 
placed horizontally and about half filled with methylene iodide. From 
one end of the saturator a tube led directly to the reaction cell, B, which 
was fixed in front of a quartz window in the second thermostat. The 
other end of the reaction cell was connected with the traps C, D, E, the 
manometer F, the flow meter G, and the mercury diffusion pump H, 
which worked satisfactorily up to pressures of 20 mm. Hg. 

Following the pump came a halMitre bulb I, which brought the total 
volume up to a suitable value and being placed in the second thermostat, 
helped to nullify the efiects of temperature changes on the untherm ostated 
portio^ of the apparatus. Finally, the bulb was connected through a 
trap K, to remove mercury vapour, with the other end of the saturator. 

Leads were taken to a Hyvac pump and to a Toepler pump, which ex- 
tracted specimens of the gas for analysis in a Bone and Wheeler apparatus. 
The manometers F and G were 
filled with butyl phthalate. 

Exposed tubing with which 
methylene iodide came in c<in- 
tact was heated ab<i\'e the con- 
densation temperature electri- 
cally. 

The effective vrflume of the 
apparatus under working con- 
ditions was determined by a<l- 
mitting oxygen at atmospiheric 
pressure from the calibrated 
volume M to the apparatus and 
measuring the pressure increase 
on F. The total volume was 
alxmt 1200 c.c. and the usual 
rate of circulation about 24 
litres per hour. 

The light source was an 
atmospheric quartz mercury arc 
burning at 2-2 am|>eres from a regulated no volt circuit. Fspeciaily in 
the later experiments the light was rendered approximately parallel with 
a quartz lens and for some series a 5 mm. layer of potassium chromate 
(0*5 gm. per litre) was used as a filter. 

Two reaction cells were used. The first was a cylindrical bulb 4 5 cm. 
diameter and volume 159 c.c. with inlet and outlet tubes at opposite ends. 
It was placed bnmd-side on to the light beam. The second cell was also 
cylindrical but fitted with plane parallel end plates. It was 10 cm. long 
and of volume 220 c.c. Its disp^ition is showm in Fig. i. The first cell 
was attached to the apparatus by ground joints sealed with Apeizon 
wax, the second by graded silica-^a glass seals. 

Procedure* 

In order to obtain enough of the products for an accurate anal\rsis, 
each experiment was continued for about three hours or, when low^ inten- 
sities were used, six hours. 

A mixture of ice and salt was placed around the trap C and liquid air 
around the others. Oxygen was then admitted to the desired pressure^ 
and the beating of the circulating pump adjusted to give the correct rate 
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of flow. As soon as steady conditions had been obtained, the insolation 
was commenced. 

At the conclusion of the insolation, the traps C and D were isolated 
and evacuated in order that the entire condensate could be distilled into 
the trap C, which was made in the form of a U-tube in order to ensure that 
all of the condensate was removed for analysis. 

Meanwhile a portion of the gas was pump>ed ofl and analysed for carbon 
monoxide and hydrogen, which were the only gaseous products which could 
be detected. 

In addition to iodine, the following were shown to be present in the 
condensate by means of the tests given. 

Formaldehyde, — (i) Formation of polymer m.p. 172®, which decomposes 
to give smell of formaldehyde. 

(2) Derivative with 3 : 5 dinitro-phenylhydrazine m.p. 155®. 

Formic Acid, — (i) Characteristic test with HgO. 

(2) Acidity to methyl orange. 

Ethylene Glycol . — (i) Formation of dibenzoate m.p. 71*5®. 

(2) Formation of 2 4 dinitrobenzoate which exploded at about the same 
temperature as a known specimen. Instead of ethylene glycol the pro- 
ducts may be ethylene oxide and water. The concentrations available 
were insufecient to enable this rather minor point to be settled. There 
was no evidence for any other substances and in particular methyl or ethyl 
alcohols, which were especially looked for. 

For the quantitative analysis of the condensate the follouing procedure, 
which viT&s tested out with known mixtures, was adopted : 

Free iodine was first titrated with N/io thiosulphate, a more dilute 
solution being found inadvisable as the accuracy of the formaldehyde 
estimation was reduced if the volume of the aqueous layer was too large. 
The formic acid was then titrated with N/^o NaOH using methyl orange 
as indicator, and the formaldehyde then determined by the well-known 
hydroxylamine method. 

For ethylene glycol no satisfactory analytical method could be found, 

and recourse had to be had 

TABLE I — Mols. x io-* per Hour to clement balances." The 
Unaccounted for. carbon, hydrogen and oxygen 

unaccounted for as H(XX)H 

2(CO-Hi). HCHO, CO or Ht in a few 

^ typical cases is sho\^m in 

Table I . The data from which 
0*422 they have been calculated are 
given in Table 11 . 

Although rather 

0*066 C : H : O average closely to 

0*686 1 • 3 • the empirical formula 

0*786 of glycol. It is therefore very 

0*882 improbable that any other 

su^tance is fi>rmed in ap- 
preciable amount. 

It will be further observed that the last column of Table X. which gives 
twice the diflerence between the mols. of carbon monoxide and hydrogen 
formed is always very near to the unaccounted carbon and oxygen. We 
^ve accord^ly assumed that carbon monoxide and glycol arc formed 
in the reaction in equimolecular proportions. There then remains un- 
explained a small quantity (about 10 per cent, of the total) of carbon mon- 
oxide and an equivalent quantity of hydrogen. This is almost certainly 
due to photo dissociation of formaldehyde. 

The amount of glycol can therefore be calculated from the diflerence 
between the carbon monoxide and hydrogen, or from the carbon or oxygen 
balances. 


irre^lar, 
ratios of 


No. 

C 

H. 

1 

0. 

2 

0409 

1-240 

0*431 

3 

0-420 

1*352 

0568 

5 

0*523 

1*602 

0-523 

6 

o* 55 « 

1-668 

i 0-567 

7 

0*534 

1 1-652 

o-6i8 

21 

0*757 

2-i8o 

0'6o8 

22 

0-694 

! 2074 

0*685 

24 

0897 

2-580 

1*014 

26 

0-878 

i 

2-638 

1 

0-742 
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Results* 

Complete analyses were in general carried out for each run. 

The expertoental results are given in Table II, The runs up to number 
26 were obtaiined with the ** bulb cell illuminated with the full mercury 
arc li^xit. For the subsequent runs the cylindrical cell with plane end- 
pbtes was used. The light was filtered through potassium chromate 
solution for runs 37 to 59, but no filter was used for the last runs. 

When the oxygen was replaced by hydrogen the amount of iodine formed 
was barely detectable. 

In addition to the results of Table II., a few runs were carried out with 
oxygen at atmospheric pressure in which the yield of iodine was approxi- 
mately what would be expected from an extrapK)lation of the results 
obtained at the lower pressures. These are not included, since some formal- 
dehyde polymer tended to form in the cell, and their accuracy is therefore 
suspect. 

During the determination of the quantum yield, however, when the 
intensities w'ere very much lower, no trace of poljmer was formed, although 
the total pressure was also atmospheric. 

The pressure drop across the flowmeter capillary was maintained 
throughout at 25 mm. of butyl phthalate, and in order to interpret the 
results, it was necessary to convert this pressure difference to the equi- 
valent rate of flow at the various pressures used. The calibration was 
effected during runs 37 to 59 by w'eighing the condensate collected in the 
traps. 

If p. is the pressure recorded by the manometer F (Fig. i), its 
temperature, T* the reaction cell temperature, the vapour pressure of 
methylene iodide at the saturator temperature, the volume rate of flow 
of oxygen through the cell. that through the flowmeter, and W is the 
weight of products collected in unit time, we have ; 

(P^ - Pn)V. P^-P. Jil 

jRT^ Rl\ ** p, ■ 268* 

The flowmeter was unthermostated but the room temperature was constant 
to within 3® C. 

In the above it is assumed that there is no pressure drop between the 
cell and the manometer. This was tested by adding a second manometer 
temporarily to the outlet tube of the cell. No appreciable difference in 
pressure appeared until the total pressure was reduced below 5 mm. 
At 4 mm. of mercury the difference was 0 2 mm. Hg, 

The error introduced by the reaction products is negligible since at 
the most only 8 per cent, of the methylene iodide reacted and the weight 
of the oxygen absorbed is partially offset by the formation of carton 
monoxide. 

Direct diffusion of methlene iodide from the saturator to the traps does 
not occur under the conditions used, since with the saturator at 35® C. 

2*52 mm.) and a time of 3 hours no detectable amount of methylene 
iodide collected in the trap until the total pressure was reduced below 4 nun. 

Hg. 

Variation of the intensity produced rather less than a proportional 
change in the rate of formation of iodine, A screen transmitting i6*8 
per cent, of the incident intensity reduced the rate of iodine formation 
to 24*1 per cent., 22*1 per cent, and X9-5 per cent, when the oxygen pres- 
sures were respectively 4-0, 6-i and 20-0 mm. Hg. 

Increasing the rate of flow canse-s an increase in the rate of iodine 
formation. 

The only data discoverable in the literature * for the vapour pressure of 
methylene iodide are two boiling-points, one for atmospheric pressure, 180^ 

• Beilstein, Vol, I., p, 71. 



11 mavi 


728 THE PHOTO-OXIDATION OF METHYLENE IODIDE 


























R. A. GREGORY AND D. W. G. STYLE 


729 



730 THE PHOTO-OXIDATION OF METHYLENE IODIDE 

with decomposition, and the other 88° at 39 mm. Hg. It w^as. therefore, 
necessary to determine the course of the vapour pressure-temperature 
curve over the range covered by the kinetic measurements. 

Vapour Pressure. 

Methylene iodide was placed in a fiat bulb about 6 cm. in diameter 
connected with a sensitive “ spoon " gauge and evacuated with a Hyvac 
pump. All parts of the apparatus with which methylene iodide vapour 
came in contact were immersed in a thermostat. The outside of the spoon 
gauge was balanced by admission of air, the pressure being measured by 
a butyl phthalate manometer which was continuously evacuated on one 
side. The data in Table III. can be represented by the equation : 

log,,/. = 8566 - 5^2 

with a maximum error of 8 per cent. 

TABLE III. — Vapour Pressure Data. 


Temp. C, 

V.P. min§. 

Temp. C. 

' V.P. mms. 

{ 

Temp. C. 

1 V.P. mms. 

i 

15*0 

0*67 

28*1 

1 .-53 

40*25 

1 

17-2 

074 

295 

1-90 

410 

1 3*53 

20*6 

1*005 

32*5 

! 2*19 

43*5 

1 4*23 

247 

II9 

34 ‘«> 

1 2*40 

470 

( 4*91 

256 

1*28 

37*7 

290 

500 

1 5 * 5 ^^ 

27*2 

1 140 

390 

; 3 M 


5*92 




t 

I 

. 55*0 

j 7-53 

1 


Quantum Yield. 

The quantum yield with respect to iodine was determined for light of 
mean wavelength about 3100 A. isolated from the mercury arc spectrum 
by means of a large quartz monochromator. The reaction cell was the 
same as that used in runs 37 onwards. For the sake of convenience it was 
decided to use oxygen at atmosphmc pressure saturated with methylene 
iodide at 21° which was about i degree lower than the temperature at 
which the cellar in which this determination w as carried out, could be readily 
maintained. 

The light from the exit sht of the monochromator was rendered approxi- 
mately parallel by a quartz lens before passing through the cell and finally 
focussM^ by a second lens onto a Moll surface thermopile. The E.M.F. 
generated in the thermopile was measured with a Cambridge vernier poten- 
tiometer in conjunction with a Kipp and Zonen 2 ^mcke Zc galvanometer. 
The thermopile was calibrated against a standard lamp supplied by the 
U.S. Bureau of Standards. Readings of the incident and transmitted in- 
tensities were taken at hourly intervals, by first noting the E.M.F. while the 
gas stream w^as flowing and then closing a tap between the saturator and 
the reaction cell and, after evacuating the cell, again taking the potentio- 
meter reading. 

The duration of each run was six hours. The readings obtained had 
to be corrected for the reflection losses at the crystal quartz plate covering 
the thermopile, the second quartz lens and the back plate of the ceil. Those 
at the plate and lens were <^culated as for two plates and that of the back 
plate of the cell was taken as the square root of the total loss in the cell. 
Since the total light lost in passing through the cell was rather greater than 
that calculated for two plates, the cell was reversed for half of the determina- 
tions, without, however, causing any detectable change in the observed 
quantum yield. In order to avoid as far as possible complications due to 
back reflections from the large number of surfaces in the %ht path, idl 
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apparatuB was tiltad a few degrees from the perpendicular to the optical 
aw. 

The values of the quantum yield obtained were 1*47, i'46, i'44, 1*45, 
1-43, 1-44, giv. 
ing as the 
mean 1*45. 

According 
to Henrid^ the 
maximum of 
the extinction 
coeffident lies 
at about 3000 
A. No further 
data was dis- 
coverable in 
the literature. 

The absorp- 
tion spectrum 
of gaseous 
methylene 
iodide was 
accordingly 
determined 
photographi- 
cally using 
a Spekker 
photometer. 

The 1 o g a r- 

ithms of the decadic molecular extinction coefficients are plotted against 
the wavelength in Fig. 2, which also indudes one value for 313 obtained 
by the thermopile-galvanometer method. 

Dlscuaslon. 

There exist two alternatives for the primar>^ photo process ; — 

CH,I, + hp CH,I + 1 \ , ... (in) 

CH,I, + . (lb) 

By analogy with other somewhat similar cases w'c may. however, 
expect that the remaining iodine atom in CH,I is very weakly bound 
so that even with (in) free methylene may in fact be formed very shortly 
after the light absorption. The succeeding reactions will be essentially 
the same with both processes and in the absence of definite data (ib) will 
be assumed to occur. 

Succeeding (lb) the following series of reactions which is the simplest 
of those we have tried and provides the most satisfactory^ mechanism, 


is assumed to occur: — 

CHj If (^) 

CHg + 0, CH,0, + 1 38 -- X Cals, . ( 3 ) 

CH,0,-^HC00H + x *4 . . ( 4 ) 

CH40,+ CH*I,-^(CH,0)t+ I* *4 . (5) 

(CHt0),-H.2HCH0+y . - (6) 

(CHtO)t + HCHO CO + (CH, --- OH)g 


or CO + (CHfjf =« 0 + HjO + 26-8 + y (7) 



Fic. i. 


» A. Henrict, Z. Physik. 193a, 77, 33. 
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As will be shown in a later paper, the reacting system possesses strong 
oxidising powers, which we believe to be due to the two molecules, 
CHj|02 and (CHjO)2, methylene peroxide and ethylene peroxide. 

Reaction ^ was introduced only with considerable diffidence. The 
equivalence of the carbon monoxide and glycol formed is, however, 
explained by this reaction so satisfactorily, while no other suitable 
reaction could be found, that there seems no doubt that, granting the 
validity of the remaining reactions, this reaction is a real one. 

The monomolecularity of reactions (4) and (6) will be discussed later. 

Reaction between methylene and methylene iodide to produce ethy- 
lene and iodine apparently does not occur since no ethylene could bt 
found among the gaseous products when solid CO* was placed around the 
traps instead of liquid air. The difficulties of detecting a trace of ethy- 
lene iodide or ethylidene iodide in the products makes it impossible to 
decide whether either of these substances is produced. 

The gases entering the reaction cell have, during any one run, an 
almost constant composition deducible from the total pressure recorded 
by the manometer F, and the temperature of the saturator thermostat. 
The gases leaving the reaction cell, will shortly after the commencement 
of the insolation, when steady conditions have been attained, also have 
a constant composition, which differs from that of the entrant gases, 
in that the partial pressures of methylene iodide and oxygen are some- 
what reduced (CH^Ij a maximum of 8 per cent.) and an equivalent amount 
of the products is present. 

Inside the cell itself diffusion and convection will assist in maintaining 
the composition spacially fairly uniform. As a simplification it will be 
assumed that the composition throughout the cell equals that of the 
outflowing gases. 

The steady concentration of the short-lived intermcdiate.s CH|, 
CHjOj, (CHjO)^ should be so low that the amount of them swept away 
into the traps is negligible compared to that which reacts. On the 
other hand, the removal of the stable end-products by the gas stream is 
an important factor determining their concentrations in the cell. 

If we represent the concentration in the reaction cell of 

CH,I„ CH,/ I, CH.O,, HCHO, {CH,0),. HCCK)H, and (CH.OH), 

by X. y, B. C, D. F, H. L. and M 

respectively, and 

let E be the Einsteins of light absorbed /hour/litrc, 

K0 be the volume rate of flow through the cell in litres /hour, 
and ^ be the volume of the cell, 
the rate of formation of iodine in the cell is given by 

^ + A, DY - A, BC. 

The condition for a steady iodine concciit ration in the cell is that the 
quantity of iodine formed in unit time equals the quantity removed by 
the gas stream in the same time ; 

£ + *,DY- = . . . (8) 

D, B and H can be evaluated by the usual methods in terms of the 
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concentrations of the stable substances and on substituting in (8) and 
simplifying, we get : 


4a^£ 

F„X 


)-}• 


where 




The gram raols. of iodine collected in the traps in one hour 


2X 


F„X 


f) - 


But 


V ^o(Pm Px) 


RT, 


RT^- 



Iodine collected per hour 


^ mPm I 

" 2£7>1 



4Rr„ix#£ \ _ \ 

/ j 


The best values of a and for each series can be obtained by trial 
and error and are given in columns 13 and 14 of Table IL 

Three typical series of points with the calculated curves fitting them 
are shown in Fig. 3. 

With the exception of the two series of runs 1-7 and 8-14 the values 
of Qc are fairly consistent with one another. The former of the two dis* 
cordant series requires a to be many times larger than is found in any 
subfl^uent seri<^. The reason rctnams obscure. No single value of 
X will fit the series of runs 8-14, and since the other constants show a 





734 the photo-oxidation OF METHYLENE IODIDE 


similar unwonted variability, some unsuspected disturbing factor was 
presumably present, but to a lesser extent, here also. At the conclusion 
of the series, it was indeed observed that a thin white deposit, volatile 
when gently heated in vacuum, was present in the cell. This deposit 
was probably formaldehyde polymer. 

To determine the temperature dependence of a and also to obtain 
more reliable values of this constant, it was decided to replace the reaction 
cell previously used by one with plane parallel ends and with inlet and 
outlet tubes placed in positions more likely to avoid ** pockets ” un- 
affected by the gas stream. The partial pressure of CH|1| was also 
reduced to 0-67 mm, Hg (saturator temperature 15®) and the potassium 
chromate filter was used. 

The energy of activation of a thus obtained is — 1920 Cals. If, as is 
probable, the reaction between methylene and iodine requires no activa- 
tion, the activation required for reaction with oxygen is + 1920 Cab. 

1920 

At 20® and 35® er^ equals 26*5 and 22*6 respectively, while the 
experimental values of a at these temperatures are 29*2 and 24*9. The 
close agreement shows that reactions (l) and (2) are kinetically almost 
identical. Too great reliance should not perhaps be placed on this 
energy of activation since, when the methylene iodide partial pressure 
was rabed to 1*82 mm. and the filter removed, the value of a required 
at a reaction temperature of 35® was 257 which differs rather consider- 
ably from the previous value at this temperature of 24-9. 

The greatly increased accuracy obtained with the second cell (runs 
37-78) seems most easily explicable by the absence of the possibility of 
the existence of the “ backwaters ” which was favoured by the design 
of the first cell. 

The remaining four constants can only be evaluated as tlie two ratios ; 

kjk^ and 

kjk^ can be calculated from either of the relations 

(C/L - 1) • • ■ • 


the bars denoting that the amounts of the substance formed or used up 
in unit time are to be used. 

The tw^o expressions give within the experimental error the same 
result, (9) being, however, the more accurate, especially where the amount 
of reaction is small as in runs 40-62. It is this value which is given in 
column II of Table II. 

The quantum yield gives a further value of 

In the present work, the quantum yield was determined with so high 
an oxygen partial pressure that the expression for the iodine collected 
per hour can be safely simplified to The quantum yield with respect 

to iodine then becomes equal to 


kjkt 


Y(a-/g ) 

“ p~i - 


whence 


6*2 X IO“*. 
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From the results in column 1 1 of Table IL it can be seen that the same 
value of is not applicable throughout. There is, firstly, a very 
distinct difference between the values for the two cells, suggesting that 
the reactions arc at least partly heterogeneous. This would explain the 
great variability of the ratio with the first cell, since the arrangement 
of its inlet and outlet tubes was not so favourable to a thorough sweeping 
out of the cell contents by the gas stream. The results obtained with the 
second cell are far more consistent but there is a definite tendency for the 
values of kjkg to be below the average at the lower pressures. This 
would be accounted for if a reaction between methylene peroxide and 
adsorbed methylene iodide occurred more readily than the heterogeneous 
transformation of methylene peroxide into formic acid. From the con- 
stancy of the ratio with total pressures between 8 and 20 mm. Hg. re- 
actions 4 and 5 are presumably essentially homogeneous over this pres- 
sure range and reaction 4 is truly monomolecular. That the presence of 
foreign gases slightly accelerates the formation of formic acid is indicated 
by the considerably higher value of kjk^ deduced from the quantum yield. 

The average value of kjk^ at 35"* is a little below that at 20®. The 
difference is, however, not much larger than would be expected from the 
change in the collision number with temperature, and the excess may well 
be due to cxp>erimental error. If the practical absence of a temperature 
coefficient for this ratio is taken as meaning that neither reaction requires 
thermal activation, the minimum mean life of methylene peroxide with 
respect to its transformation into formic acid corresponding to a collision 
efficiency of unity for reaction 5 will be of the order of 5 X seconds. 

The evaluation of fef/Jkt most easily effected by means of the relation 

2,f'(C-F-L) 

where = the volume rate of flow through the reaction cell and C, L, 
and F arc respectively the gm. mols. of iodine, formic acid and formalde- 
hyde collected in unit time. The values are given in Table IL, column 12. 

Apart from the absolute value is about twenty times smaller 

than kjk^ there is a surprising similarity between the two ratios, kjk^ 
is also larger with the first cell than with the second and shows too the 
same tendency to be below its average value at the low^cr total pressures. 
The decomposition of ethylene peroxide is therefore also over most of 
the pressure range investigated a true homogeneous monomolecular 
reaction. Unfortunately no values of k^jky at high pressures could be 
obtained so that it is not possible to say whether the stability of this 
peroxide is also reduced by collision with other molecules as is apparently 
that of methylene peroxide. The decrease in the ratio at low pressures 
suggests that the surface of the cell favours reaction of the peroxide with 
formaldehyde rather than its decomposition. 

Similar assumptions to those made with kjk^ give ethylene peroxide 
a minimum mean life of the order of seconds. 

In order to obtain a value of kjk^ from the quantum yield it was 
assumed that the efficiency of the primary process (I.) was unity. The 
quantum yield is not however very sensitive to changes in kjk^ and if 
the efficiency were actually 0*88 instead of unity, kjk^ as calculated from 
the quantum yield would be in agr^ment with the other values. 

"]!%€ reaction is now being investigated at higher pressures in order to 
settle this point. 
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Summary. 

The products of the photo oxidation of methylene iodide have been 
studied and a mechanism accounting quantitatively for the products is 
proposed. 

The intermediate formation of CH,, CH,Ot and {CH,0)i is assumed. 
The minimum value of the activation energy of the reaction of methylene 
with oxygen is 1920 Cals. 

The peroxidic substances CH, 0 , and (CH, 0 ), change over spontaneously 
into formic acid and formaldehyde respectively. 

We wish to express our thanks to Imperial Chemical Industries, 
Limited, for grants to the laboratory with which the Spekker photo- 
meter and the diffusion pump w^ere purchased. 

Chemistry Department, 

King's College, 

Stratid, W.C. 2. 


REVIEWS OF BOOKS. 

Optical Basis of the Theory of Valency. By R. de L, Krontg. The 
Cambridge Series of Physical Chemistry. (Cambridge University 
Press, pp. i-x, 1-246. Price, i6s. net.) 

Professor Kronig's book on The Optical Basis of the Theory of Valency 
deals wth many*topics which are already familiar to physical chemists, 
such as (i) the determination of intramolecular distances by X-ray analysis 
of vapours (Debye), or by the method of electron-diffraction (Mark and 
Wierl), (ii) the spectroscopic basis of the periodic classification, (iii) mole- 
cular spectra, including the isotope effect, and the detennination of force 
constants and moments of inertia from the vibrational and rotational 
components of the spectrum, and finally (iv) the study of dissociation by 
spectroscopic methods, including the phenomenon of predissociation. This 
familiar material is, however, submitted to the chemist in an unusual 
form, since the author is himself a mathematical physicist. The chemical 
reader therefore finds himself subject to an unfamiliar discipline, and is 
given the opportunity of considering from a novel standpoint the founda- 
tions on which his science is built. It may be that the number of chemists 
who are qualified to benefit by this discipline is not large ; but it is a real 
advantage that a book should be available, in which workers on the bm'der* 
line between chemistry and physics may find the relevant material set out 
as clearly and accurately as in the present instance. It is also a solid 
advantage that the book is written in English, and is not so long as to im- 
pose an excessive burden on the reader. It can therefore be commended 
heartily to all chemists who would tike to know what their science looks 
like in the eyes of a physicist, and also to physicists who wish to tpply 
their own science to chemical problems. 


T. M. L. 
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Metastnikturen d«r Mat«rie. By Professor Wolfgang Ostwald. 
i6 pp. with 1 Figure ; Dresden. 1935. Theodor Steinkopff. Price 
R.M, o-8o. 

Those who have had the pleasure of listening to Professor Ostwald 
know well the dexterity with which he can produce an arresting phase in 
summarising what might be called the objectives of Colloid Science. In 
this monograph, an academic speech, we note the same breadth of philo- 
sophic treatment of the theme. It is with peculiar zest we remember that 
Professor Ostwald himself was one of those who in '' those early days 
defined colloids as the science of the Forgotten Dimension. This is not 
true now, the stone (or pyrogel) which the builders rejected is certainly 
now the headstone in the comer of our house. Colloids are now bristling 
with dimensions, and among organic vsubstances they are the only ones 
which have the great advantage of presenting a real and tangible form and 
structure to the wwld. 

The gaping void which existed between the terrestrial atoms and macro 
structures is now filled with colloids. It is interesting to speculate whether 
this seething abyss is the fons and origo of ourselves or represents nothing 
more than nature's garbage tin. Until recently it is true that the respect- 
able organic chemist meeting a colloid would quietly pour it down the sink, 
but now’ the resins and plastics are saved and have to be synthesised and 
analysed. We as well as the resins and plastics are indebted to IVofessor 
Ostwald for this brave new world. 

E. K. R, 

Colloids in Agriculture. By C. E. Marshall, M.Sc., Ph.D. (London : 

Edward Arnold & Co, Pp. viii -f 184. Price 5s. net.) 

Dr. Marshall's knowledge and personal experience of colloids is a 
guarantee of the general soundness of this little lx>ok. It is planned in 
three sections. In the first an account is given in simple language of the 
main achievements of academic researches in the realm of colloids. The 
second part deals with colloids in the soil, and the third with colloids in 
plant and animal life. This w^ay of arranging the subject matter has its 
drawbacks, the chief of w’hich is that whereas a piece of academic research 
is described near the beginning of the book, it is not applied to anything 
connected with agriculture until near the end. In the interv’ening pages 
a host of other topics is discussed, and it needs considerable mental 
capacity to store up so many abstract ideas and then draw upon them 
one by one at a later stage. Some indeed are used so little that the 
student who is mainly interested in the agricultural side might justly feel 
that he had been persuaded to learn them under false pretences. 

We cannot help feeling that the book would have been more readily 
assimilated by students of agriculture if it had been arranged in the 
reverse order, the colloidal behaviour exhibited by soil and the products 
of life being used to develop the fundamental notions the author wishes 
to instil. Such an approach would have produced a book corresponding 
better to the title. 

The field covered is a wide one because agriculture is a many-sided 
occupation, and it is hardly to be expected that the book would be 
entuely fm from errors. Two statements have caught our attention 
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which need correction. The first is that a plant which thrives in a hot, 
dry climate must lose very little water by evaporation from its leaves and 
must be able to take up water vapour from the air when the latter attains 
a greater humidity than usual ; the second is that the isoelectric point of 
a protein is the point of minimum ionisation. 

The author has a rather irritating way of discoursing on the views and 
feelings of "the physicist" and "the chemist." On page 45 we read, 
" But whereabouts in the solution shall we find these balancing ions ? 
That is the question which tormented the physicists." It is diflicult to 
see the purpose of such a remark. 

R. Kenworthv Schofield. 

Outline Notes on Telephone Transmission Theory. By W. T. Palmer. 

Foreword by W. Cruikshank. (London : Pitman (1936). Pp. 165. 

22 cms. X 14 cms. Price 4s. net.) 

Both author and publisher have made great efforts in this book on 
telephone transmission theory to meet the demands of a large body of 
engineering students. The Ix^k largely derives from the author's lectures 
at the Northampton Polytechnic Institute and the clarity of the printing 
and the writing, together with the blank pages for notes indicate that the 
average student's requirements have been very' carefully considered. The 
book is divided into seventeen sections, and it is impossible in a short review 
to indicate the nature of the contents of all of these. The first two sections 
of the book are concerned with the building up of the necessary mathemati- 
cal knowledge and the classical theory of electric wave propagation. The 
mathematical section should be taken rather as a revision course than a 
development from first principles, and Mr. Palmer gives adequate references 
to other more comprehensive works. Other important parts of the book 
deal with D.C. transmission, wave distortion in cables, artificial lines, 
transmission efficiency of telephone circuits, electrical wave filters, tele- 
phone repeaters, and unloaded ocean telegraph cables. The lxx)k closes 
with a good index and the sectional references to individual works should 
be valuable. Important derivations in the text are heavily underlined and 
one gets the impression, however unjust, that the student is being told 
perhaps just enough as is considered good for him without adequate regard 
for the great historical development of this subject ; Heaviside gets one 
mention — in the foreword — and Kelvin receives a similar treatment in the 
text. This might be good enough for engineers but physicists will have a 
few words to say about it. The book is well printed on good paper. In 
turning over the pages it would be a good deal easier to sec what was 
being discussed if the page legends corresponded to the section titles ; 
instead of this we are treated to a repetition of the book-title. 

J. T. R. 

Thermionic Emieslon. By T. J. Jones. London : Methuen's Mono- 
graphs on Physical Subjects (1936). Pp. vUi + 108. ty x tt cms. 

Price 3s. net. 

Students and others anxious to obtain a readable survey on the subject 
of tbermionic emission may find in t Ms little work the kind of thing they 
require. The disadvantages of compression are most obvious when a more 
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comprehensive up-to-date work is already in existence. Jones's book is 
divided into six chapters ; these include a theoretical survey, a discussion 
on experimental technique and others on atomic film emitters, oxide 
coated cathodes and the thermal emission of positive ions. The book 
would have been improved by a more critical attitude towards the many 
researches that are discussed. Mr. Jones’s choice of phrase is sometimes 
a little unusual ; surely oxygenated tungsten ” would be better than 
•' oxidised tungsten ** where monatomic films are concerned. The biblio- 
graphy is extensive for a work of this scope. 

J. T. R. 

Molekulapektren tind ihre Anwendtmg auf chemlsche Probleme II. 

Text. By H. Sponer. (Berlin: Julius Springer. 1935- Pp. xiiand 

506. Price 36,0 RM. (Paper covers), 37.8 RM. (Bound). 

This, the latest addition to the Struktur und Eigenschaften der Materie 
Scries, is an exceptionally interesting volume, largely for the reason that 
it contains a great deal of information rarely found between the same 
two covers. Perhaps the basic characteristic of the Natural Philosophy 
of the past decade has been the ruthlessness with which pre-existing 
boundaries between physics and chemistry have been forcibly shifted, 
and in some instances obliterated. Thus, it is to be expected that a 
considerable amount of space would be needed to define the status quo ante, 
and this occurs in the first four chapters, which deal with the older quantum 
theory, quantum mechanics, molecular spectra and the use of band- 
spectra in the determination of the usual physical and chemical magni- 
tudes. Some of the treatment, though very clear, suffers a trifle from 
over-compression, which is noticeable in the sections dealing with entropy 
and the chemical constant. Actually this is bound up with the formalism 
of the gulf which separates geometrical concepts (like the shapes of 
molecules) from pure thennod>'namics, with their independence of 
mechanism. 

The remaining chapters contain material of more direct concern to the 
physical chemist. An excellent survey of the spectroscopic criteria for 
atom-molecules, ion-molecules and polarisation-molecules will be found 
under the general heading of types of binding. The author then dis- 
cusses the various theories in detail, following this up with chapters on 
molecular collisions, and some furthta^ applications of spectroscopy to 
chemical problems. The book concludes with a number of comprehensive 
tables, which together with the data contained in Part I. (see these 
TransacHons 1935. 31 1 1374). form a valuable work of reference. The 
writer is to be congratulated upon the freshness vdth which he de\xlops 
his theme. There are references in plenty, but the text is not aTitten 
roemd them ; they appear at the right moment as apt illustrations, and 
never as pegs upon which to hang the usual comments. 

The chemist of to-day tends to rely upon almost any method which 
gives him direct information about the molecule as such : spectroscopy 
(oomlfiiied with magnetic analysis) is probably the most powerful* and 
ftnfesscsr Sponer has shown clearly the great strides which have been 
taken in recent years. 


F. I. G. R. 
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Principles and Applications ot Electrochemistry. Vol. II* Applicatioas* 

By W. A. Koehler. John Wiley A Sons, Inc., NewYork; Chapman 

A Hall, Ltd., London. 1935. Pp. xiv + 545. Price 23s. 

The long awaited second volume of Principles and Applications of 
Electrochemistry, the first part of which is already in its third edition 
(Trans, Faraday Soc,, 1936, 33, 522), has now appeared under the author- 
ship of Professor W. A. Koehler, instead of Colin G, Fink, whose multi- 
farious activities have prevented him from undertaking the work. There 
is little doubt, however, that the publishers have secured an adequate 
substitute, and the new volume gives a satisfactory survey of the many 
applications of electrochemistr>\ The scope of the book may best be 
judged from the titles of the chapters, which are as follows : Economics 
of Power Generation ; Review of Theoretical Electrochemistry ; Primary 
Cells ; Secondary Cells : Electroplating ; Electroplating Solutions ; 
Electrorefining of Metals ; Electrometallurgy — Aqueous Solutions ; Elec- 
trometallurgy — Fused Electrolytes ; Electrolysis of Alkali Halides : 
Electrolytic Oxidation and Reduction ; Hydrogen and Oxygen ; Cor- 
rosion ; Electroanalysis ; Electric Furnaces — General ; Electric Furnaces 
in the Metallurgical Industries ; Electric Furnaces in the Non-Metal- 
lurgical Industries ; Electronics ; Ozone ; I'ixation of Atmospheric Nitro- 
gen ; Separation by Electrical Means ; and Miscellaneous Electrcxrhemical 
Processes. 

To cover such a v'ast amount of ground in the course of s<»me 500 pages, 
many of which are largely occupied by figures, means, of course, that the 
treatment is often sujierficial, but there are frequent references to the 
literature where further information can tie found. The author is indeed 
to be congratulated on the extent and variety of the information which 
he has succeeded in collecting and collating. The book is jmrtly intended 
as a text-book for students, presumably technological, and partly as a 
reference work for those in industry : it should prove of great value to 
both types of readers if they wish to become acquainted with the scope of 
applied electrochemistry, without requiring great detail. The author 
sometimes forgets that this book is a companion to one devoted to the 
principles of electrochemistry, as is evident from the 43 pages of “ Review 
of Theoretical Electrochemistry,'* but his object was, no doubt, to make 
the work self-contained and complete in itself. The production of the 
book is excellent, and the descriptive matter is illustrated with 244 
diagrams and photographs : it is altogether a work to commended. 

S. G. 
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A RAPID MICRO-METHOD FOR THE DETER- 
MINATION OF MELTING-POINT. 

By R. C. Ray and V. Dayal. 

Received 2 jth "January^ 1936. 

The determination of melting-points of substances which fuse at hign 
temperatures, especially of inorganic salts, is a tedious operation. The 
present paper describes a simple and rapid method for determining the 
melting-points of minute quantities of solid substances. McDavid ^ 
measured the ignition temperatures of gaseous mixtures by means of an 
electrically heated spiral of platinum wire, the temperature of which was 
obtainetl by passing a known current, which was determined with an 
ammeter. It appears, how^ever, that the method has not received the 
wider application which it deserves. McDavid's method has been 
adapted to the measurement of melting-points. Preliminary experi- 
ments seem to show that the method would also be applicable to deter- 
minations of freezing-point — solubility of solids. 

The apparatus required is quite simple, and is shown diagnunmatically 
in Fig. i, A small piece of platinum wire is bent so as to form a point W. 
The two ends of the wire are 
sealed to short pieces of glass 
tubing and electrically con- 
nected by means of mercur\" 
to the batter}^ H, thnjugh two 
sliding resistances, K and K|, 
the milliammeter A and the 
switch key K. \ minute 
quantity of the finely- 
j^wdered solid, the melting- 
point of which has to l>e de- 
termined, is spread in as tiun 
a layer as possible upon the 
mica platform V which can l>e 
raised or lowered as necessary. 

The platinum point W is made 
to touch a tiny particle of the 
solid whose fusion is observed 
through the telescope T. The 
platinum point is heated by 
the current from a storage 
battery of 24 volts but of high capacity so as to obtain no fluctuation in 
the current during an experiment. The melting temperature is first roughly 
^Ijusted by the resistance R, the final adjustment being made by the hner 
sliding resistance R|. The current necessary to raise the platinum point to 
the temperature of fusion is measured by the milliammeter. In the pre* 
liminary experiments a platinum spiral was used and the powdered 

» /, Cktm, Soc., 1917, III, 1003. 

74 * 
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substance was dusted on the spiral, but it was found that at the tnelting* 
point the molten substance spread, causing a short circuit. 

The results obtained with lo inorganic salts, which had been carefully 
purified by recrystallisation, are given in the following Table : — 


Substance, . . . 



CdBri. 

KL 

KBr. 

KCl. 




K,CO„ 

Current in amps. . 

2147 1 

2150 

2x64 

2*330 

2*416 

*•474 

2519 

S-jS? 

2*608 

3-647 

Melting-point C. . 
(observed) 


560^* 

569“ 

68o» 

737* 

776* 

806“ 

85*** 

865^ 

891* 

Melting-point C. . 
(International 
Critical Tables) 

568" 

36(0°) 

583" 

i 773 V) 

[ 

7(30**) 

X 

804^ 

1 

851* 

873’ 

891* 


A large number of determinations of the melting-point of each substance 
was made, and the values recorded above represent the mean of these 
results. The greatest difference obtained in the value of the current to 
attain the melting-point of any one substance was never more than 0*005 
amps., which corresponds to a temperature difference of 3 to 4 degte^es, 
and therefore ±4^ may be regarded as the experimental error. The 
melting-point recorded in the International Critical Tables. \'ol. I., 19-b, 



Ffo. 2. 

is also included for comparison. It should be pointed out in this connec- 
tion, that there exists a considerable amount of discrepancy regarding 
melting-points of inorganic compounds ; different melting-points have been 
obtained for the same substance by different investigators. Several workers, 
for example, have found 680® as the melting-point of potassium iodide, 
while the Critical Tables give the value 773®. which is certainly not the 
correct temperature. 

The heating currents are plotted against the melting temperatures 
in Fig. 2, In obtaining the graph, the melting-points of three substances, 
which had been especially purified and whose melting-points had been 
previously determined by other methods, were talmn as standards, and 
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temperatures corresponding to the observed heating currents gave the melt- 
ing-points of other substances^ It will be noticed that the relationship 
between the heating current and the melting-points is a straight line, and 
for it the equation C ^ M x 0*0015 “f where C is the heating 

current and M is the melting temperature, holds, so that when the apparatus 
is once set up, the melting-point of any substance may be readily obtained 
by simply measuring the current passing through the platinum point when 
the substance just begins to melt. The great advantage of the method is 
that only a minute quantity of the substance is required for the determina- 
tion of the melting-point. 

Science College, 

Patna, India. 


THE DISSOCIATION CONSTANT OF HYDRO- 
CHLORIC ACID. 

By Robert A. Robinson. 

Rece'ped ^oth December, 1935. 

One of the most important arguments in favour of the complete dis- 
sociation of strong electrolytes is to be found in the extremely small partial 
vapour pressures of the hydrogen halides in moderately dilute aqueous 
solution. Wynne-Jones ^ has utilised this small vapour pressure to cal- 
culate the dissociation constant of hydrochloric acid by assuming that 
Raoult’s law gives the mole fraction of undissociated hydrochloric acid 
as the ratio pjp^ where p is the partial vapour pressure in aqueous solu- 
tion and P0 the vapour pressure of pure hydrogen chloride at the same 
temperature. Hence Wynne-Jones concluded that the dissociation 
constant of hydrochloric acid at o® is 2-5 X 10^. As this acid is so often 
quoted as an example of complete dissociation, it is worth w^hile utilising 
the vapour pressure data at other concentrations and temperatures, for 
the argument will he more convincing if it can be shown that the “ dis- 
sociation constant,” calculated in this way, is constant over a range of 
concentration and varies in the expected manner with temperature, 

I have used the partial vapour pressure data at o®, 10®, 20®, 25®, 
30®, 40® and 50®, recorded in the International Critical Tables,* over 
the concentration range 0*56*15*4 as well as the vapour pressure 

of pure hydrogen chloride at these temperatures.* In addition the data 
of Dunn and Ridcal * at 25® have been used to obtain points at low con- 
centrations. From these the mol. fraction of undissociated hydrochloric 
acid was calculated and thence the dissociation constant from the 
equation : 

t' 

[HCI] being the mol fraction of the undissociated component and 
and Od being calculated from the activity coefficient data of Randall 
and Young.* Two assumptions arc made: (1) that the activity coeffi* 

> /. Chem. Sac,, 2930, 1064. • J C.T., III., p. 302. 

♦ /Wrf., p. aaS. • /. Chem, Soc., I9i4* tag* 676. 

* Amsr. Chem, 5oc., 2928, go* 989, 
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dent of the undissociated acid is unity, (2) that the activity coeffidents 
of the dissociated parts do not vary with temperature. Both these errors 
will diminish with increasing dilution, but whereas the former is not 
likely to be affected appreciably by temperature, the second error may 
even change its sign with a temperature increase. Fig. i shows the results 
of these calculations. 

From this figure it is evident that the effect of the two errors mentioned 
above are at a minimum at 20®, 25® and 30® and extrapolation gives a 
probable value for K at these temperatures. The fact that at o® and 

10® iC decreases 



Fig. X. — ^Variation of the dissociation constant of hydrochloric 
acid with concentration and temperatnre. 


with increasing 
acid concentra- 
tion whereas 
the converse is 
true at 40® and 
50® is probably 
due to the 
changing value 
of the ionic 
activity coeffici- 
ents. In view 
of the experi- 
mental diffi- 
culties involved 
in determining 
partial vapour 
pressures at low 
concentrations 
the * constancy ' 
of K is all that 


can l>e expected. The following values are obtained by extrapolation 
for the dissociation constant, the concentrations being measured in the 
more usual units of gram mols. per i<xx> g. of water. 


• C. o 10 20 25 30 40 30 


K X IO-* 20 6-S 2*4 1*3 0*72 0*28 0*12 


If log K is plotted against ^ the points lie on a straight line whose slope 

gives the thermal changes associated with the complete process of di^^- 
sociation as 17 , 9 CX) cal. As K diminishes with a rise in temperature, iy., 
temperature favours the formation of the undissociated molecule, this 
amount of heat must be evolved in the process of dissociation. It is to be 
anticipated that the dissociation would be highly exothermic in view 
of the extent to which the reaction proceeds. 


Summary. 

The calculation of the dissociation constant of hydrochloric acid from 
partial vapour pressure data has been extended to a wider range of con- 
centration and temperature. The thermal changes associated with the 
complete process of dissociation of hydrochloric acid are found to be 17.900 
cal. (evolved). 

Auckland University College, 

Auckland, 

New Zealand, 




A STUDY OF THE CRYOLITE-ALUMINA CELL 
WITH PARTICULAR REFERENCE TO DECOM- 
POSITION VOLTAGE. 

By J. W. CiTHBERTsoN, M.Sc.,* AND J. Waddington, M.Sc. 

Received lOth December^ 1935* 

The earliest research on the theory of the electrolytic process for the 
extraction of aluminium from alumina-cryolite baths appears to have 
been undertaken by F. Haber ^ and his collaborators who, working on 
the laboratory scale, endeavoured to show that the electrolysis obeyed 
Faraday’s laws. Their efforts were unsuccessful, failure probably being 
attributable to the formation of metal fog. Furthermore, the effects of 
secondary electrode reactions and mixing of the primar>" products by 
convection currents, factors which are relatively far more important in 
small-scale cxf)eriments tlian in industrial cells, were not fully ap- 
preciated. By weighing the anode before and after an experiment, 
F. Haber and K. Cieipert * found that a little more than 0*66 grm. of 
electrode material was consumed in the production of i grm. of aluminium, 
and as this agrees with the equation : 

A 1 A + 3C - 2AI f 3CO .... (I) 

concluded that this reaction correctly expressed the cell decomposition. 
For a long time tJic view wa,s held that economy in anode consumption 
was thus definitely limited. 

In 1916 G. H. Bailey * suggested that the above reaction did not truly 
represent the electrolysis, for in the first instance the gases evolved from 
the cell normally contain a large proportion of carbon dioxide, and 
secondly, the w*eight of carbon actually consumed in the process is in- 
sufficient to account for the formation of carbon monoxide alone. The 
following year, R. Seligman * published analyses of anode gases from an 
experimental furnace. In one case the carbon dioxide content was 
45*6 per cent, and carbon monoxide 43*6 per cent. Raising the operating 
temperature by l C. decreased the quantity of carbon dioxide in the 
gases and increased both the carbon monoxide content and anode con- 
sumption. J, D. Edwards, F, C. Frary and Z. Jeffries * suggested that 
an even higher carbon dioxide figure applied to the w'orking of industrial 
cells. They put the limits at 50-90 per cent. Seligman’s original view 
was that oxy'gen was primarily formed, according to the equation : 

3AI1O3 = 4^1 "f* 3^t » . • • (2) 

and that w^hetber oxygen, carbon dioxide or carbon monoxide resulted 
was dependent upon such factors as temperature, current density, 
physical properties of the carbon anode, rapidity with which the gases 

♦ Lecturer in ElcctrometalliiTg>\ The University. Manchester. 

^ Z, EkktftKhem,^ 1902, 8, 607. * 1902. S« 26. 

* y. iiirl. Met., 1916, iSt 303- * Ibid., 1917, 17^ 141. 

* Jtidustry, 1930, f, 311. 
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were removed from contact with the anode and similar factors.’* Bailey, 
on the other hand, believed that carbon dioxide was first formed, thus : 

2A1,0, + 3C - 4AI + 3CO, . . . (3) 

for under favourable conditions the proportion of this gas present may 
be very large, in spite of the fact that at the temperature of the cell the 
equilibrium : 

CO, + C ^ 2CO 

is well over towards the right-hand side. 

Later work on the cell decomposition voltage has shown that the 
carbon exerts a depolarising effect, reducing the voltage required for 
decomposition. The formation of oxides of carbon is an inherent char- 
acteristic of the electrolysis, and hence it is probable that the true 
conditions are represented by a combination of reactions (2) and (3) 
wuth the latter predominating under normal conditions. 

The decomposition voltage may be determined experimentally but 
the practical difficulties involved are considerable, and consequently 
several investigators have attempted to calculate its value from thermo- 
dynamical data. J. \V. Richards,* in 1903, calculated 2*3 v'. as the 
decomposition voltage for an unattackable anode. This result, taken in 
conjunction with his figure of 0*6 v. for the depolarisation arising from 
the use of a carbon anode, agrees almost perfectly with his experimental 
findings. G. Gin,’ using Le Blanc’s commutator method, obtained a 
value of 2*3 v., whilst J. W. Langley ® working along very similar lines, 
observed the much lower figure of 1*2 v. at 1010® C. P. P. Fedotieff 
and W. Iljinsk>%* in a general account of the electrometallurgy of alu- 
minium based upon an exhaustive investigation of the process, have 
attempted to explain these discrepancies. Although they were unable 
to obtain characteristic curves for the voltage-current relationship, they 
noticed that electrolysis started well below* 2*0 v. and claimed to have 
observed the formation of particles of aluminium, accompanied by gas 
evolution at the anode, at I -2-1 *3 v. They concluded that the metal 
so liberated reacted with the carbon to form aluminium carbide, and 
hence permanent metal separation would not occur until the voltage 
was increased considerably, the actual figure given being 2*2 v. In 
support of this view, it may be said that the voltage corresponding to 
the energy of formation of the carbide has been calculated by Bcrthclot 
to be 0*9, so that if aluminium is permanently liberated at 2*2 v. the 
carbide should form at a potential of 1*3 v. Fedotieff and Iljinsky, 
how*ever, state that the metallic particles first set free react with the 
carbon with almost explosive violence, and in view of more recent work, 
it would appear highly probable that this phenomenon is due at least in 
part, not to the formation of aluminium carbide^ but to simple oxidation 
of the metal. Consequently, permanmt metal separation may begin at 
as low a voltage as 1*2. 

In 1927 P. Drossbach gave 2*565 v. for the decomposition voltage 
of a cell having inert anodes but later, for a saturated solution of alumina 
in cryolite at 927® C., recorded the lower value of 2*16 v.^' Compara- 
tively recently A. B. Newman and G. G. Brown, in America, have 

* EUcirochemical Industry, 1903, 1, 158. 

’ Bet. Internat. Kongress /. angewandU Chtm., IV., 502 (sec also •). 

• Trans, EUctrochem, Soc., 1902, a, 256. 

•2. anorg, Chem., 1913, 80, 113, >*ir. EUkirockem,, 1927, 3^, 114. 

“ 1930, 361 i79‘ Eng, Cham,, 1930. aa, 995. 
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calculated values of 2*04 v, and 2*06 v. for saturated and half-saturated 
solutions respectively, the temperature in each case being 950® C. These 
authors have also computed the depolarisation arising from oxidation of 
carbon anodes and state that the decomposition voltage may thereby be 
reduced to 0*947 v. 

The decomposition voltage E at any given temperature may be 
calculated from the formula : 


nf 138,444 


volts 


(I) 


where AF is the free energy of formation of alumina from aluminium 
and gaseous oxygen at that temperature. For any given temperature T, 


AF = AH - ms 


where AH is the heat of the reaction : 


2AI + = AI2O3, 

and A5 is the change in entropy. At constant pressure the change in 
free energy with temperature is : 

AFT-AFjt8~- A5dr. 

The last term is conveniently evaluated by graphical integration of 
the entropy-temperature cur\'e derived from existing data, and hence 
AF^j* can be found and E for any temperature calculated from equation 
(1). The heat of combustion of aluminium has been determined with 
renewed care by A. Mciclisner and W. A. Roth,^* who obtained the 
value of 393,300 ± 400 cals, at 20® C. and constant pressure. They 
attribute their former low result, used by Drossbach, and also by Newman 
and Brown in their calculations, to exothermic reactions resulting from 
ignition in clay boats. Taking tlie above value of AH, for a saturated 
solution of alumina in cryolite, the theoretical decomposition voltage at 
the normal working temperature of 960® C. becomes 2*16 v. P'or any 
other alumina concentration the decomposition voltage will be : 

„f Cl 

where E is the calculated voltage for a solution of concentration C* 
Within limits, the effect of a reduction in concentration is not very 
pronou need . Thus, 

Fj = £ + 0-012 for a half saturated solution 
=: £ + 0*024 for a quarter saturated solution. 

From data given by Eastman,'^ the depolarisation by graphite has 
been calculated. Assuming a temperature of 950® C., the figures found 
are : 

£ = 0*99 volt. (C + O, 

£ 1*10 volt. (C + O y CO). 

The depolarisation should therefore lie somewhere between these limits. 
Taking Edwards, Frary and Jeffries’ estimation of the composition of 
furnace gases found in works practice, i.e. 50-90 per cent, COg, it would 
appear as though i*o volt would be a reasonably accurate figure to adopt. 


Z. Ehktrochem., 1934, 40, 19. 

U.S. Bur, Mims Inf, Circ,» 6125, 1929 (see also '•). 
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Investigation of the conductivity of the molten cryolite bath is beset 
with even greater practical difficulties than is the determination of the 
decomposition voltage, consequently it is not surprising that the amount 
of work published on the subject is small. The accuracy attainable with 
ordinary a.c. bridge methods depends largely on the absolute value of the 
resistance to be measured, and is of a relatively low order when the total 
cell resistance, that is, the resistance of cell plus liquid, is low. It is 
desirable, therefore, that the value of the total resistance should not be 
less than approximately lO ohms, and hence the container should pre- 
ferably be of some non-conducting material. Unfortunately, the ex- 
tremely corrosive nature of molten cryolite introduces a complication 
and most, if not all, of the feebly conducting refractories available for the 
container are rapidly attacked. 

K. Arndt and W. Kalass,'* using a platinum crucible and central 
disc electrode, determined the specific resistance of cry’olite at JOOO^ C., 
obtaining a value of 0*448 ohms per cm.® As alumina was added to the 
melt, the conductivity kll almost linearly and, by extrapolation, became 
zero at 100 per cent, alumina. Also the equivalent conductivities of 
cryolite and sodium fluoride were found to be approximately equal, and 
hence it was concluded that the alumina acted as solvent and the cr\'olite 
as ionised solute, the conductivity being attributed to the rapidly 
migrating sodium ion, the anion A1F«"' being assumed to move slowly. 
In these experiments, the resistance of the ceil was only of the order of 
0*3 ohm and, therefore, the accuracy of the results is open to question, 
particularly as the authors themselves admit some difficulty in balancing 
the bridge. Furthermore, the possibility of alumina additions leading 
to the formation of aluminate incrustations on the walls of the crucible 
or central electrode must not be overlooked, and as the resistarice of the 
cell would thereby be increased, this factor might have a profound effect 
on the observed increase in specific resistance referred to above. 

In the case of the decomposition voltage, the inherent difficulties 
associated with its determination are no doubt largely responsible for the 
discrepancies between the results of different investigators. The same 
probably applies to conductivity measurements. The present work was 
undertaken mainly to obtain further information on tluse two important 
factors. The greater portion of the work is devoted to the determina- 
tions of the decomposition voltage of ciy^olite and ciy^olite-alumina 
mixtures, but a few* experiments on the conductivity of molten cryolite 
have also been completed. 

Determination of the Decompoaition Voltage. 

The industrial type of aluminium cell, in which the bath is maintained 
in a molten state by the Joule effect of the current traversing it, is un- 
suitable for research purposes. Compared with large units the heat losses 
from small cells are relatively very much greater, therefore to prevent the 
bath from freezing the current must be inci^ased. This leads to excessively 
high anode and cathode current densities and the final conditions may be 
totally different from those under which the technical process is operated. 
Furthermore, temperature control of small baths with internal electric 
heating is difficult, and the temperature is not uniform throughout the 
melt. All of these disadvantages may be overcome by applying external 
heat to maintain the bath temperature, and as the ele^rol^ing current is 
then independent of the heating, the former may be varied at will. 

Z, EUktrochim., 19Z4, 12. 
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In the present work the electrolysis was carried out in a carbon crucible 
heated in an electric furnace having a resistor element of nichrome tape 
wound on a 4<in. diameter silliman- 
ite tube, a refractory which resists 
fairly well attack by the vapours 
evolved from the melt. For the 
majority of the experiments a graph- 
ite crucible was employed, but as 
amorphous carbon is used in indus- 
trial cells, crucibles of this material 
were also tried out. On the whole, 
the graphite and amorphous carbon 
containers gave substantially the 
same experimental results, but the 
latter absorb the greater amount of 
electrolyte, have the higher specihe 
resistance, and disintegrate more 
rapidly than graphite crucibles. 

For the manufacture of the 
pots. 3-in. diameter graphite rod 
was machined to the form shown 
in Fig. I, the cavity being made 
slightly conical to facilitate removal 
of the solidified melt. Nichrome 
tape, freed from oxide, inserted into 
holes bored in the crucible walls and 
plugged firmly with carbon rods, 
servM to make a sound electrical 
connection. A third hole was also 
provided to house the thermocouple 
sheath. Undue volatilisation of the 
charge was prevented by a lid of 
bak^ alundum cement, 
through tile hole in 
which the central elec- 
trode >vas inserted. 

During melting this 
electrode was with- 
drawn and the aperture 
in the lid closed by a 
smaller alundum disc, 
thus etfcrctively sealing 
the crucible and reduc- 
ing the losses to a 
minimum. 

The simplest and 
most direct method of 
deU^nnimng the de- 
composition voltage is 
from current - voltage 
curves. By using the 
crucible as one elec- 
trode in conjunction 
with a small point elec- 
trode which may be 
either the anode or the 
cathode, it is possible 
to obtain the di^arge 



Fig. I. 



Fig. 2. 


potentials of the respective anions and cations. 

For the construction of the central electrode, details of which are given 

26 • 
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in Figs. I and 2, a short length of J-in. diameter graphite rod was forced 
tightly into a hole bored axially in a larger carbon rod, the protruding end 
being ground to a blunt point. The ratio of the areas of the two electrodes 
actually in contact with the melt was 20 : i. Protection of the la^e 
central rod was afforded by the application of two or three coats of a paint 
made from powdered carborundum and a 25 per cent, solution of sodium 
silicate, a mixture which is very effective in preventing undue oxidation. 

The crucible was supported inside the furnace on a short length of 
silica tube but separated therefrom by sheet mica, thus ensuring, so far as 
possible, electrical insulation from the furnace winding. 

A diagram of the circuit used for the current-voltage determinations is 
reproduced in Fig. 3. Current for electrolysis was drawn from a 10- volt 
accumulator service, the necessary variation in voltage being provided by 
the potential divider i?, and series resistance /?,. Switch 5, is for the 
purpose of reversing the polarity of the cell, and by means of 5^ connection 
may be made between the cell and either the current source or the Wheat- 
stone bridge on the left. The instruments A and Kj indicate the current 

and voltage re- 
spectively. The 
voltmeter 1',, of 
greater sensitivity 
than Vi, may be 
introduced as re- 
quired by the 
switch S„ its range 
depending on the 
adjustment of the 
variable resist- 
ance /fg. 

‘ To obtain a true 
value for the vol- 
tage expended in 
decomjKJsition, the 
voltage drop in the 
leads, electrr>dc9 
and elcctnilytc it- 
self must be 
known. The a.c. 
resistance of the 
cell circuit was de- 
termined by means 
of the Wheatstone 
bridge in conjunc- 
tion with altemat- 
Since the resistance 
to be measured was only of the order of half an ohm the resistance of the 
bridge circuit should also be low and any small capacities must be balanced 
out. A standard i ohm resistance shunted by a variable condenser C was 
used in the second arm of the bridge. 

The valve oscillator circuit is reproduced in Fig. 4. The rotary switch 
S is connected to tappings on the anode coil. As its contact revolves two 
distinct notes of diderent frequency are repeated at regular intervals in 
the 'phones, and it then becomes a relatively simple matter to balance the 
bridge, no additional ampliher being requir^. 

In conducting an experiment, sufficient cryolite or cryoltte^alumifia 
mixture in the form of powder is put into the wietbie, which is then 
covered with the lid, and the whole placed in the furnace prevkmsly heated 
to about 1000® C. When molten the charge is stirred aad, as eoon as the 
temperature becomes steady at the value decided iifNia, the resiataiice ia< 
measured. The aeact procedure is detmnmatioii ot the ament- 



ing current supplied from a separate valve oscillator. 
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crucible, met with little success, the results varying greatly from one 
experiment to another. Failure is attributed to two caus^ : firstly, to the 
unsatisfactory nature of graphite for cell construction owing chiefly to its 
high specific conductivity, and secondly, to the shape or design of the 
container which, in crucible form, is fundamentally wrong. According to 
Kohlrausch, w^hen using measuring current of audio-frequency, accurate 
results free from polarisation errors are only obtainable if the area of each 
electrode is greater than lo/R cm.* where R is the resistance of the elec- 
trolyte in ohms. In the case of the Arndt and Kalass cell the flux resist- 
ance was about o*i ohm, so that for accurate work the electrode area should 
exceed loo cm.* Expressed in a different form, their cell will only furnish 
correct results when the resistivity of the charge is greater than 25 ohms 
per cm.* 

To check the findings of these investigators a different type of cell, was 

decided upon, the 
chief aim being to 
increase the overall 
resistance of the flux. 
A tubular container 
with end electrodes 
was finally con- 
structed, a design 
which fulfils this re- 
quirement and also 
allows for the evalua- 
tion of contact re- 
sistance and poten- 
tial effects by simply 
\arying the length 
of the tube. Wliere 
the cell senses as 
one pole and a small 
central electrode con- 
stitutes the otlier, 
much of the resist- 
ance is concentrated 
around the latter, 
and hence a contact 
resistance in this 
locality would pro- 
foundly affect the 
issue. 

As previously 
hinted, it is an ex- 
tremely difficult 
matter to find a suit- 
able material for the 
conductivity cell. Most .substances, if not rapidly attacked, are so porous 
as to allow the liquid charge to percolate through, a difficulty w»hich is 
intensified in the tubular form of cell owing to the increase in the 
hydrostatic pressure of the charge. Of the materials examined, m.. 
carbon, fused magnesia, and powdered carborundum sintered at 2000® C., 
both with and without admixture of kaolin, mai^esia gave the best results 
Carbon has a low resistance, and furthermore is liable to attack by both 
oxygen and fluonne and whilst the latter may be negligible during the 
period of time occupied over a determination, loss of weight through 
oxidation, and resulting increase in the total resistance of the container 
itself is unavoidable in an open furnace. Sintered silicon carbide with- 
stands chemical attack quite well, but is very porous, and efforts to reduce 
the porosity by mixing the powder with 10 per cent, of kaolin in the, hope 


T - fuse^/ mogmsjQ 
tube ^ 

G - fraphik endi 

/A- asbestos sheaf h 

L * staybnh: uftre 
kadJ 

Th - thermocouple 



Fig. 5. 
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that heat would fuse the aluminium silicate causing it to block the pores 
proved unsuccessful, the clay apparently interfering with the sintering 
process. 

A number of experiments was carried out with so-called fused magnesia 
tubes. Even this material is porous, and also tends to dissolve slowly in 
the melt. The porosity may be reduced by an initial soaking in a hot 
saturated solution of magnesium nitrate followed by ignition at a high 
temperature. Sintered corundum (A 1 , 0 ,) linings for electrolytic cefis 
have been used by P. Drossbach,^* but the mechanical properties of this 
material are poor, and although not rapidly dissolved by cryolite already 
containing alumina, its contaminating effect on the pure ffux renders it less 
suitable than ma^esia for conductivity cells. 

The construction of the cell is clearly outlined in Fig. 5, which is self- 
explanatory. The complete cell, which may be some 5 or 6 in. in length, 
is convemently heated in the furnace previously illustrated (Fig. 2). When 
the required temperature is reached, the cell is filled with molten cryoHtc 
and resistance and temperature measurements taken. The cell is then 
withdrawn, emptied and returned to the furnace for determination of the 
resistance of cell plus connecting leads. A final measurement of the total 
resistance when the cell is filled with molten copper-aluminium alloy allows 
the resistance of the leads to be determined. The cell constant may be 
calculated fairly accurately from the linear dimensions. The area of 
cross-section is best determined by w*eighing the tube, of which the length 
is known, both lie fore and after filling with mercury. 

The figures recorded below will serve as a typical example of the 
application of this cell to conductivity measurement ; — 


Length of tube 
Area of cross-section 
Cell constant 
Temperature 

Resistance of cell r leads — cryolite {Ri) 
RcsSistance of cell -f leads {Rf) 

Resistance of cell f leads -f metal (/?,) 

(When filled w ith highly conducting metal the re- 
resistance of the cell plus charge will be so 
low that it is legitimate to neglect it. Hence 
R, becomes the resistance of the leads.) 
Resistance of cell {Rf — R,) 

Resistance of cell -r cryolite (Rx — R,) 


Resistance of cryolite 11 i 

\(Rx-R,) {Rt-R,) 

Specific resistance (»f cryolite at 1020® C. 


= 10*29 cm. 

= 0*774 * 

= 0*0752 
=» 1020*^ C. 

« 4*9 ohms. 

== 185*5 ohms. 
= 0*219 ohm. 


~ 185*28 ohms. 

=* 4*68 ohms. 

= 4 80 ohms. 

= 4*8 X 0*0752. 

=5 0*361 ohm per cm.» 


Discussion of Results. 

Two typical current-voltage curves selected from a series obtained 
with a smj^l cathode are repr^uced in Fig. 6, In every case investigated 
the curve showed a number of distinct breaks, ultimately becoming 
parallel to the line representing resistance, that is, to i?, R in the figure. 
The actual values corresponding to the various discontinuities in the 
particular cases here represented are given in Table I., where E is the 
observed e.m.f. and is the true or corrected value, derived ixeim the 
equation : 

JR, 

I being the electrolysing current and R the resistance as measured by the 
bridge. 


Z. EUkifochsm,, 1934. 40* 605. 
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TABLE I.— Position of Breaks in Current-Voltage Curves. Temperature 

1025® C. 


Cryolite. 

Cryolite + x6 per cent. Alumine. 

£, VolU. 

7, Amps. 

V'olts. 

£. Volts. 

1 7. Amps. 

Volts. 

0-99 

0*11 


0*56 

0-03 

0*54 

1*90 

0‘6o 


1*12 

0-23 

1*01 

2*25 

0*99 


1-78 

0-74 

I I *41 



mu 

238 

I -So 

1 *-48 

E4 ^ 1*70 volts. 

£ 

14 =*= I ‘51 volts. 


Taking firstly the results for fused cryolite at 1025'" C., three breaks 
are discemable, dividing the curve into four sections, the positions of the 
first and last breaks especially showing extremely close agreement in the 
case of all the curves for this and also for other charges. The first branch 
of the curve is almost horizontal, and what little current passes is probably 
due to continuous depolarisation — the applied voltage is below the de- 
position voltage of the cation, hence there is no de|x>sition and no back 
e.m.f. Only a limited current can flow in this way. for if the current 

density is increased the 
voltage at the electrode 
rises above the deposition 
value of the cation which 
consequently is depasited. 
When this occurs, more 
current flows, increasing 
in value proportionately 
to the potential difference 
in excess of the deposition 
voltage, and the second 
stage of the curve is 
entered upon. During 
this period, the current 
falls gradually soon after 
switchitig on, and con- 
tinuous electmlysis is, 
therefore, impossible. 
I'he results plotted in the 
curves were all taken im- 
mediately after the com- 
mencement of electrolysis, 
a precaution which, if 
conditions are liable to 
change with time, is 
clearly essential. The second break, which would appear to indicate the 
presence of two cations in molten cryolite, is succeeded by the third and 
fourth stages in which the current becomes much steadier and the back 
e.m.f. Mis slowly. The last branch of the curve is approximately parallel 
to the line representing resistance, indicating that the full conductivity of 
the melt been developed, both cations and anions taking part in current 
conductivity. The value found by producing this part of the curv-c back- 
w^ds to cut the voltage co-ordinate at is ^ total decomposition 
voltage of fused cryolite at 1025^ U. , and should theoretically be equal to 
the corrected voltage corresponding to the last break in the curve. 
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The authors made several abortive efforts to compound a synthetic 
cryolite having properties similar to those of the naturid product. It was 
anticipated that investigation of the behaviour of the synthetic material 
would shed light on the mechanism of electrolysis previously studied, but 
the experiments proved to be disappointing. S^ium and aluminium 
fluorides were mixed in the proportions demanded by the composition of 
cryolite (sNaF . AIF,), and after melting in the crucible, a current-voltage 
curve was taken in the usual manner. In every case the curves for the 
S3mthetic and the natural materials differed, and in particular it was 
observed that, in the former case the voltage corresponding to the peak in 
the back e.m.f. curve was markedly reduced. On concluding an experiment 
the melt was analysed, the average results being given in Table II. 

TABLE II. Analysis of Cryolite. 

\ 

I Fluorine. , Sodium. Alumintum. 

Synthetic . ’ 46*0 per cent. 33*0 per cent. 13*5 per cent. 

Natural . ' 54*28 .. i 32-84 

In the first case the missing 7-5 |)er cent. Is probably due to oxygen 
(not estimated), present in combination uith a part of the aluminium 
forming alumina. Fedotied and Iljinsky* have found that aluminium 
fluoride readily absorbs water which, owing to hydrolysis, cannot be 
removed by heating in air. thus : 

jAIF, + 3H,() 6HF - Al, 0 ,. 

As it is apparently very <lifficult to obtain the fluoride absolutely free from 
water, there will always 
be the danger of heat 
converting the s y n- 
the tic mixture into a 
dilute solution of alu> 
mina in the double 
duunde, which prob- 
ably accounts for the 
observed discrepancies 
between the current- J 

voltage curves of the 
two materials. E 

Turning now to ^ 

cryolite-alumina melts, 
attention was concen- 
trated on a mixture 
containing 16 per cent, 
of alumina, which, al- 
though somewhat richer 
than is employed in- 
dustrially, has a rela- 
tively low melting-point 
and therefore allows puj. 7. — Current-voltage curve of a ^16% alumina- 
increased latitude for cr>'olite melt obtained with a siz^ anode, 
exploration. The com- Temp. 1025® C. 
position is approxi- 
mately that of the cryolite-alumina eutectic. The cathode current-voltage 
curve for this mixture differs from tl^at for cryolite, there being evidence 
of a greater number of discontinuities of which the hrst occurs at a lower 
value than the corresponding break in the cr >*oiite curve. Excluding the 
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950 toco IC50 mo 

Temptratvrc, T 

Fic. 8. — Effect of temperature on decomposition 
voltage of cr>'oIite and cr>*olite-alumina melts. 


first and last breaks, the position of the other discontinuities in the curves 
of all cryolite-alumina mixtures examined, up to 24 per cent, alumina con- 
tent, was not so definite as in the case of curves obtained from pure 
cryolite melts. 

The anodic curve for the 16 per cent, alumina melt is reproduced in 
Fig. 7, and the effect of temperature on the relative positions of the dis- 
continuities in both the cathode and anodic curves is illustrated by Fig. 8. 

The temperature coefficient 
of the experimentally deter- 
mined decomposition volt- 
age, i.e., the slope of the 
curve I. in the figure, is ap- 
parently greater than that 
found for cryolite, curve IV. 
It is quite possible, how- 
ever. that the high results 
for the lower temperatures 
are attributable to incom- 
plete solution of the alu- 
mina, and it is suggested 
that the dotted line, curve 
III., may more accurately 
represent the true state of 
affairs. 

Fig. 9 shows the eflect 
of increase in alumina content on the cathodic and anodic voltages. From 
8 per cent, alumina upwards there is only a slight increase in total decom- 
position voltage, as would be anticipated from theoretical considerations. 
The anodic voltages were determine from the position of the break in 
curves obtained with a small anode. 

The back e.m.f. after electrolysis becomes approximately constant at 
I •3-1 *4 V. in the case of cryolite, and at 1*2- 1*3 v. when the melt contains 

16 per cent, of alumina. 

Back e.m.f. curves are ^ ^ 

included in Fig. 6, but 
more interesting results 
can be obtained by plot- 
ting the inverse rate of 
faU of e.m.f. against cell 
voltage, as shown in Fig. 

10. In general form 
these curves resemble 
that which would be ob- 
tained from a secondary 
cell undergoing discharge 
through a fixed resist- 
ance, the p>eak voltage 
corresponding to the free 
energy of the reaction 
taking place. Although 
the quantity of elec- 


i 


*LqU L m 

COthottiC curhnt* 
voitafe arrui: 

• Fomti foufid 
ezrropoi9rtorrof 
tothoaic curuu. 


g 


^dnak m anodic curyt. 


0 8 fd M 

A/um/no, piregnt 

Fig. 9. — Change in decom{>osition voltage of a 
cryolite-alumina melt with increasing alumina 
content. Temp. 1023® C. 

tricity passed through the cell during electrolysis may be the some in 
every case, the magnitude of the peak is found to vary considerably with 
the composition of the charge. 

The fact that no corresponding peak is found in the anodic curves 
seems to indicate that the form of these curves is associated with the 
accumulation of some product at the cathode, either sodium or aluminium. 
As the authors are unable to find evidence of a peak in the caUiodic curve 
of sodi^ fluoride, the phenomenon must be attributed to the presence of 
aluminium. The diminution in the size of the peak resulting from addition 
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of alumina is not easOy explained. In a manner at present not fully 
understood, alumina apparently tends to suppress the reversion of the 
cathodic product to the ionic state. Many back e.m.f, curves were plotted 
for melts of increasing alumina content, and the magnitude of the peak 
was found to reach a minimum value when the bath contained between 
8 per cent, and 12 per cent, of alumina. Further alumina additions, up 
to 24 per cent., have no effect on peak dimensions, but there is a shght 
mogressive lowering of the e.m.f. at which the peak occurs. It is signi* 
ficant that the ratio of alumina to cryolite in the melt giving the minimum 
arrest in the back e.m.f. curve agrees fairly closely with the composition 
of charge corresponding to the minimum in the "decomposition voltage- 
alumina content curve, Fig, 9. 

It was not originally the authors* intention to in\'estigate in detail the 
behaviour of salt baths having unattackable anodes, but in view of a paper 
on depolarisation in the electrolysis of alumina, published by M. de K. 
'Fhompeon and R. G. Seyl since the completion of the experimental part 
of this work, further tests were undertaken. The graphite anode previously 
used vas replaced by a stout platinum vdre welded to a staybrite rod, the 

AJi A •yoita^e coTTeit}OTid(n^ .^0 *h€ peak ' 

) Qlumtna conttnf , per ctnr 





I' lo. 10, — Effect of increase in alumina content on rate of fall of back e.m.f, 

after electrolysis. 

remainder of the equipment being unchanged. Current-voltage curves 
for both cryolite and cryolite-alumina melts at 1025® C. were taken in the 
usual manner. Table ill. gives the results derived from these curves, 
together with the avirage of those previously obtained with graphite 
anodes. 

In the last case, the anodic depolarisation is 0*7 volt, which is somewhat 
lower than Thompson and Seyl’s figure, w., 0-87 volt, and still less than 
their calculated value of 115 volts- facts which support the conclusion 
that the depolarisation does not readily attain its full value, but varies 
probably with the condition of reactivity of the carbon. The figures for the 
decomposition voltage with carton anodes are in reasonable agreement 
with the results published by Edwards, Frary and Jeffries representing 
works practice. 

It is interesting to note that the electrolysis of fused cryolite with a 
platinum anode leads to very rapid destruction of the latter, whereas a 
siipilar anode immersed in a 16 per cent, alumina-cxy^olite melt for an hour» 
passing a current of 3 amps,, w'as visually quite unaffected. In the former 
case the attack is undoubtedly due \o fluorine liberated on the discharge of 

Trans. SUctrochem. See., 1933, 3 ^*- 
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TABLE III. — Comparison of Electrolysis with Platinum and Graphite 

Anodes. 


Electrolyte 
(Temp. loas* C.). 

Cathodic 

Voltage. 

Graphite Anode. 

Platinum Anode. 

1 

Anodic 

Anodic 

Voltage. 

Deoomp. 

Voltage. 

Anodic 

Voltage. 

Decomp. 

Voltage. 

Depolar- 

isatioa. 

Saturated cr>-olite- 
alumina solution 
(calculated). 

— 


I-I 2 

(approx.) 



i-o 

Cryolite. 

1*13 

0*57 

1-70 

l-io 


0*53 

Cryolite-alumin a 
(16 per cent.) 

1 05 

! 

045 

130 

i 

115 

2-20 

07 

i 


a fluorine-bearing anion, probably Addition of alumina apparently 

diverts fluorine attack from the anode material to itself, thus : 

6F 4- A 1 , 0 , -H. 2AIF, - ? 0 „ 

with regeneration of the aluminium fluoride. 

The results of the experiments on the conductivity of molten crj^'Dlitc 
are recorded in Table IV, The average value of all the determinations is 
0 361 ohm per cm.** Taking the results for a temperature of 1025® C., the 
average becomes 0-352 ohm per cm.* These flgures are distinctly lower 
than those of Arndt and Kalass,^* whose average result for the same 
material at 1020® C. is 0-435 ohm per cm.* As previously indicated, the 
discrepancy is probably attributable to polarisation, particularly in view of 
the statements of these investigators regarding the difliculties experienced 
in balancing the electrical circuit, 

TABLE IV. — Specific Resistance of Fused Cryoutb. 



Temperature *C. 

Specific ReaitU 
ohm per cm 

Tube No. I. First exj)eriment. 

1025 

0321 

Second 

XO25 

0*351 

Third 

1030 

0352 

Tube No. 2. First 

i 1025 

j 0-379 

Second 

j 1020 1 

0*361 

Third 

i *025 

o*35<> 

Tube No. 3. First 

1020 

0-412 

Second „ | 

1025 

0*354 


Conclusions. 

The isolation of aluminium in the electrolytic cell can only be ex- 
plained by postulating that either (a) the alumina is ionised in solution, 
probably giving rise to the ions and AIO3'", and is primarily 

decomposed by the current, or (fr) the cryolite is ionised, the alumina 
being unionised or ionised to a slight extent only. Numerous investi- 
gators have advanced evidence in favour of both theories, but in recent 
years the second has gained ground. 

As alumina is added to cryolite, the conductivity of the melt falls. 
On the other hand, the conductivity is proportional to the sodium 
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fluoride content of the bath. It is difficult to believe, therefore, that the 
first theory can represent the true facts. The authors arc inclined 
towards the view that the cryolite is the ionised solute carrying the 
current, an assumption in close accordance with the experimental 
observations. 

The cryolite is probably completely ionised, thus : 

2(3NaF , AIF3) — ► 6Na+ + 2AIF/". 

There are other possibilities, however, and although the evidence cannot 
be regarded as conclusive without further confirmation, there is some 
indication from the current -voltage curves of the existence of two cations 
in molten cryolite. 

On adding alumina to the bath, the oxide is decomposed at both 
electrodes. Considering firstly the anodic process, the chief reaction is : 

2AIF/'' + AljOa ^ 4AIF3 + + 6© . . . (I) 

the final product at the anode being oxygen or, in the presence of a 
carbon anode, a mixture of oxides of carbon. At the cathode we have : 

bNa"" — AI2O3 3Na20 + 2AI + 6@ . . . (2) 

Interaction of the se-ondarv’ products of equations (i) and (2) regenerates 
the crv'olite, thus : 

SNajO 4AIF3 ^ 2(3NaF . AIF^,) -4- Al^Oj. 

Alternatively, the dissociation of the cr>^olite may give rise to the 
cation thus: 

2A1F3-^ Ar^^ + AIF3'" .... (3) 

the sodium fluoride taking no active part in the electrolysis, a highly 
improbable suggestion. Apart from other considerations, the separation 
of sodium at the cathode during tJie operation of the technical ptocess 
under certain conditions is by no means a rare occurrence. 

Compared with the other ions in the melt, the sodium ion is relatively 
fast-moving, and tends to accumulate at the cathode where it is either 
discharged, the metallic sodium decomposing the alumina as in equation 
(a), or alternatively, there may be an exchange of charge between the. 
s<^ium and aluminium 10ns, the latter proceeding from the slightly 
ionised alumina. Whichever view is adopted, the result is the same — 
the alumina play.s the role of both anodic and cathodic depolariser, 
supplying aluminium at the cathode and regenerating aluminium fluoride 
at the anode. 


Summary. 

(x) The decomposition voltages of cryolite and of a 16 per cent, alumina- 
cryolite mixture, electrolysed with platinum anodes at 1025® C., are 2*23 
and 2*20 volts respectively, 

(2) The same melts, electrolysed with graphite anodes at 1025® C., are 
flecomposed at 1-7 and 1*5 volts resp^tively. 

(5) The depolarisation never attains the theoretical maximum v^alue, 
but varies pro^bly with the state of reactivity of the anode material. 

(4) The decomposition voltage of cry'^olite falls approximately linearly 
with increasing temperature. 

(5) At 1025^ C. the decomposition voltage-alumina content cur\^ falls 
to a minimum at about 6 per cent, alumina. Prom 8-24 per cent, alumina 
there is a slight progressive increase in decomposition voltage. 
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(6) The conductivity of molten cryolite at X025® C. is 0*352 ohm per 
cm.* 

(7) In the aluminium cell the current is carried by the ionised cryolite. 
The alumina is either unionised or ionised to a slight extent only. 

The authors are indebted to Mr. G. B. Brook, F.I.C., of the British 
Aluminium Co. Ltd., whose help and advice have greatly facilitated the 
progress of this work. 
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THE BINDING OF GLACIAL PHOSPHORIC ACID 
BY THE PROTEINS OF WHEAT FLOUR. ♦ 
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The property of coagulating water soluble proteins has long been 
used to distinguish glacial phosphoric acid from the other phosphoric 
and simple mineral acids. It was pointed out by one of us in an earlier 
paper ^ that, after adding an excess of this acid to a protein, an aliquot 
can readily be separated for back titration in order to determine the acid 
taken up by the protein. As it seemed possible that a determination of 
the acid binding capacity of the proteins in wheat flour might prove of 
practical utility, a number of measurements of this kind have been made. 

Glacial Phosphoric Acid. 

The glacial phosphoric acid was procured from time to time in 100 gm. 
bottles of sticks or lumps. The solutions used (except where stated other- 
wise) were made by dissolving crushed fragments of the acid in cold dis- 
tilled water at the rate of about 3 gm. per litre. The results of titrations 
of a freshly prepared solution with NaOH and Ca(OH), in which the change 
in pB was followed with the aid of r. glass electrode, is shown in Fig. i. 
It is generally agreed that glacial phosphoric acid solutions contain not only 
monometaphosphoric acid — HPO* — but also polymers of general formula 
(HPO,)„. Thus, although there is only one titratable hydrion to each 
phosphorus atom, a whole series of dissociation constants determine the 
form of the titration curve. These, however, fall into two main groups* 
A certain proportion of the hydrions having a relatively strong dissociatiofi 
can be titrated with XaOH, using an indicator turning at about 4*3, 
whereas an indicator turning above 9 is heeded to determine all the 
titratable hydrions. These end-points w*ere first obtained by Sabatier,* 
who also observed that the titre to the second end-point increases with 
time, owing to hydrolysis, while the titre to the first remains unchanged. 
With solutions containing only 8 gm. per litre, the change in one hour at 
room temperature is, however, barely detectable. 

• This paper embodies with other matter the substance of a thesis by L. W. 
Samuel, ipproved for the degree of Ph.D. in the Univexsity of London. 

t Hackett Research Student of the University of Western Australia. 

* R. K, Schofield, Trans, Faraday Soc.t 1933, 3 *# 39o. 

» P. Sabatier, Compt. Bend., 1888. 106, 63 ; 1889, loS, 738 and 804. 
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A titration curve for a freshly prepared solution of each batch of acid 
was obtained on j&rst opening the bottle, using a quinhydrone electrode 
and NaOH (the glass electrode only becoming available towards the end 
of the investigation). These were all of the same general form as the 
upper curve in Fig. i (except that, owing to the limitations of quinhydrone, 
they could not be traced above 8), but were not identical in shape, as 
may be exemplified in the fact that the ratio of the titre to 4*5 to that 
at pjn 8*0 varied from o*6i to 070 for six bottles of stick acid, and was 
©•56 for a bottle of lump acid. This variation is not surprising, as the pro- 
portions in which the constituent acids are present must depend on the 
exact conditions of preparation which are difficult to reproduce exactly. 



Fig. I. 


Measttrement of Acid Uptake. 

The detennination of acid uptake by back titration has special advan- 
tages when applitnl to a material such as wheat flour, which contains both 
soluble and insoluble buffering material. For, provided the of the 
end-point of the back titration is the same as that of the materiaU before it 
was mixed with the acid, the uptake measured is that of the precipitate 
only. From this it will be seen that neither end-point obtained with 
NaOH is suitable for wheat dour which is usually at about ^ 6 in its 
natural state. With Ca(OH)t the second end-point is reached a little 
above 8 and can be obtained as low as 6 by adding calcium chloride. 
In practice a satisfactory end-point can be obtained simply with Ca(OH)i 
(nearly saturated— about AT/aat) us^ng thymol blue. This is because flour 
extracts have only a small buffering between 6 and 8,^ 

• This statement only applies strictly to high-grade dours. 


762 THE BINDING OF GLACIAL PHOSPHORIC ACID 


In this way it was ascertained that interaction between the add and 
the proteins in wheat flour is very rapid. loo gm. of flour was added to 
500 c.c. of add, and the bottle containing the mixture was kept for some 
weeks and shaken occasionally. At suitable time intervals small amounts 
were removed and centrifuged, and 10 c.c. of the clear liquid was titrated 
with Ca(OH), to thymol blue. Nitrogen was determined on each occasion 
on a further 20 c.c. Immediately after the first mixture had been made 
up, a second 100 gm. of flour was added to a further 500 c.c. of acid, and 
the mixture was shaken intermittently for 10 minutes. About 400 c.c. 
was then separated by centrifuging, bottled, and stored beside the first 
mixture. 10 c.c. samples of this liquid were withdrawn at intervals and 
titrated, 500 c.c. of the original acid wa.s also kept and similarly titrated. 
It will be seen from Table I. that although all three titres increased with 

TABLE 1. 


I imo. 

1 

Titro of .Acid in 
Contact with Flour. 

j Titre of Ackl 

1 Separated after | 
10 nuns. Contact. • 

i 

Titre of Acid 
.Alone. 

1 Nitrc^ten in Acidt 

j in Contact 2 

* with Flour. 

p»ei I gin. flour). 

15 minis. 

10-70 

1970 

23-3.5 

0-62 

30 mins. 

19*70 

1970 

2.V35 

0-62 

I hour . 

19-70 

197^ 

23-40 

0*62 

2 hours 

1975 

! 1975 

23*45 

1 o*6i 

4 hours 

19*80 

! 19*80 

2360 

1 0-62 

7 hours 

19-85 i 

19*85 ! 

23-75 

' 0*62 

24 hours 

20-20 i 

20*20 1 

24-30 

1 9*72 

3 days . 

2 J *20 

21-10 

2603 

0-84 

7 days . 

22*75 

^^•55 1 

29-00 

1 !I6 

14 days 

27*8 

22*0 1 

32*23 ; 

6-72 

30 days 

40*0 

32*9 1 

38-68 j 

M-37 


time, owing to the hydrolysis of the metaphosphoric acid, there us for many 
hours no difference between the acid remaining in contact with the flour 
and that separated from it after 10 minutes' contact. Ihis is most simply 
explained by supposing that the reaction was complete in 10 minutes, and 
that the acid bound by the flour protein undergoes practically no hydrolysis. 
It would be a very singular coincidence if, for many hours, slow' hydrolysis 
of the bound acid exactly counteracted an increase in the amount bound. 
When a difference at length appc'irs, an increase has cKrcurred in the 
amount of nitrogen not precipitated which would itself affect the titre. 

On the basis of this expenment, 10 minutes was adopted as the time of 
contact in measurements on a series of flours. In each case, 8 gm. ot flour 
was shaken with 40 ml. of glacial phosphoric acid .solution, centrifuged and 
filtered. 10 ml. of the filtrate was titrated with Ca(OH)t to thymol blue, 
as was also xo ml. of the original acid. The uptake per loo gm. of flour 
was calculated by multipl>dng the difference between the two titres by 
one hundred times the normality of the Ca(OH)t (determined on each lot) 
and divided by 2 (the grams of flour corresponding to the 10 ml. titrated). 

The Uptake of Potaealum Ghloiitfe, Hydrochloric Add, Tricliloraoetic 
Add Compared with that oi Glacial Phoaphoric Add— Water 
Bindlitg. 

This simple method of computation was only adopted after some pro* 
liminaxy experimentation. The first test was made by shaking up some 
flour with o-tN potassium chloride in order to discover whether the solution 
is concentrated through the binding ** of some water by the flour or 
diluted by a rdease ot some of its atr*dry moisture. A dilotsoii was found. 
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but it was greater than could be accounted for by a release of ail the air- 
dry moisture. The effect was even more pronounced with N/20 solution. 
Thus some potassium chloride was taken up by the flour, and the experi- 
ment failed to give the information sought. 

Some tests were then made by shaking up wheat starch with several 
acids at a series of concentrations. Of the whole flour, about 85 per cent, 
is starch which may, therefore, largely control the binding or release of 
water. Hydrochloric acid was found to be taken up in amounts w^hich 
increased rapidly with increase in acid concentration above o*iiV, but 
which approached a steady low value at lower concentrations. The 
limiting low value (of the order of 0 01 milliequivalents per gram of starch) 
presumably reveals a small capacity to combine with hydrions. The 
increase in uptake at higher concentrations, like the uptake of potassium 
chloride, must be ascribed to loose binding of the chloride ions. Similar 
large uptakes of hydrochloric acid by proteins from strong solutions have 
been reported by Jordan Lloyd and Mays,* Atkin and Douglas,* Hoflmann 
and Ciortner,* and others. An esstmtially similar behaviour was found 
with trichloroacetic acid. We hav e |X)inted out ♦ that this acid, being an 
effective protein precipitant even at o-i.V, and at the same time a simple 
monobasic acid, may prove useful in determining the hydrion binding 
power of pure proteins. • Its uptake by starch places difficulties in the 
way of its use with flour. 

'Fhe behaviour < f glacial phosphoric acid is different. While solutions 
containing less than about 8 gm., litre (o i.V to the second end-point) are 
diluted a little on shaking with wheat starch, the strength of more con- 
centrated STilutions is slightly increased. The results can be accounted 
for by supposing that, for concentrations of this order of magnitude one 
gram of starch combines with a small amount of acid (roughly o*oi milli- 
ef|uivalcnts) which df>es not vary much with the acid concentration, and 
at the same time binds about o*i gm. of water in addition to its air-dry 
moisture. These two processes acting together leave a O'lN solution 
practically unchanged in concentration. 

The Capacity of Wheat Proteins to Bind Glacial Phosphoric Acid. 

Thus it appears that provided the concentration of glacial phosphoric 
acid is about o i.V (8 gm. /litre), the starch added in the flour is without 
appreciable effect, and the change in the concentration is due to combina- 
tion of acid with the proteins. If the flour proteins, when added to the 
acid, are not combined with either acid or base, the acid taken up wiB 
equ^ the acid binding capacit>* ; otherwise a correction is necessary. The 
lowest />H at which all anions could be w^ashed out of flour wras found by 
Loeb's ’ feiTiKryanule method to be close to 6. The amount of acid or 
alkali nt^tnlcd to bring each flour to pu 6 was therefore determined. It 
usually lay l>etween r 0 2 and — 0*2 milliequivalents per 100 grams of 
flour, which is a very small fraction of the acid uptake which averaged 
about 8. 

As the amount of protein present may be taken as substantially propor- 
tional to the nitrogen content, the acid binding capacity (the uptake 
corrected to p^ 6) is plotted in Fig. z against the nitrogen precipitated 

• D. Jordan IJoyd and C. Mays, Froc. Roy. Soc.^ 1922, 93B, 69. 

*W. R. Atkin and G. W. Douglas, /. /eltfr. Soc. Leather Trades Chemists, 
359 

• W. A. Hoffman and R. A, Gortner, Colloid Sywtp. Mon., 1925, a, 209. 

• R. K. Schofleld and L. W, Samuel, Nature, 1934, * 34 * 665, 

• A. I). Ritchie has drawn our attentiem to a pfaystoloni^ investigation in 
which he titrated trichloroacetic acid extracts of proteins (/. Physud,, 1929, 
295). The purpose was not, however, to determine the acid binding power ^ the 
proteins. 

• ]. Loeb, Proteins and ike Theory of CoUoidai Bekeweour, McGraw Hffl dc Co.« 

*9«a, p. 30. 
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from one gram {i,e. the total nitrogen in i gm. less the amount found in 
5 ml. of the extract which varied from i*2 to 3*5 per cent, of the total). 
While there is a general tendency for the acid binding capacity to be 
greater the greater the amount of protein present, the flours with high 
nitrogen content on the whole bound less acid per unit weight of protein. 
At the same time, the variation in the acid binding of flours with the same 
nitrogen content is far outside the errors of titration (equivalent to o*i 
milliequivalents per 100 grams of flour at most). It has long been recog- 
nised that while the nitrogen content is a general indication of certain 
properties of a flour, there is considerable variation between flours with the 
s^e protein content. It is suggestive that the flour with 1*9 per cent, of 
nitrogen and an acid uptake of only 6*65 milliequivalents per cent, had a 
decidedly smaller water absorption than would have been expected simply 
from its nitrogen content. It is hoped that when better methods ate 



available for specifying quantitatively the f^ystcal properties of flour 
doughs such as those which, following the work of Schofleld and Scott 
Blair • are being worked out jointly in this laboratory, and in that of the 
Research Association of British Flour Millers, it will be possible to decide 
whether a determination of acid binding capacity is of technical value. 

The Selective Action of Proteins on the Chnttituente of Giaciat Phos- 
phoric Acid. 

In the meantime it appeared of interest to study more closely the 
interaction between glacial phosphonc acid and proteins. I'o this end, the 
water soluble constituents were removed from a flour by repeated was^ng, 
and the insoluble residue was shaken with o*iN glacial phosphoric acid. 
In this case there is no restriction on the to which the back titration 
should be taken. Titration curves were therefore obtained for the 

• R. K. Schofleld and G. W, Scott Blair, Free, Roy, Soc., 193a, 13SA, 707 ; 
1933. *39» 557 and 141, 7a. ^ • t / / . 
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before and after contact, with the aid of a quinhydrone electrode, using 
NaOH as alkali. A comparison of these two curves revealed differences, 
not only in the absolute magnitudes of the titres to the same but also 
showed that whereas for the ori^nal acid the titre to 4*5 was 0*623 of 
the titre to corresponding ratio after contact with washed flour 

was o*6oi. The washed flour was very wet when added to the acid, but 
dilution from this cause would not have affected the ratio of the titres. 
It thus appeared that flour proteins do not bind the various (HPO,) units 
in the proportion in which they exist in the original glacial phosphoric 
acid solution, but remove relatively more of those that bufter below />h 4 5. 

In a further study of this selective action, experiments were carried out 
with gluten (the total water insoluble wheat protein) and glutenin (the 
residue of gluten insoluble in 70 per cent, alcohol) which were toth procured 
from commercial sources in a powdered air-dry condition. A sample of 
gliadin (the fraction of gluten soluble in 70 per cent, alcohol) was prep^ed 
from some of the gluten. For our immediate purpose it was sufficient, 
instead of tracing the whole cur\^e electrometrically, to determine the titres 
to the two inflection pc^ints with the aid of indicators. The first inflection 

PuV 5 readily detected by bromo-cresol green. For the second 
inflection use was made of phenol-phthalcin mixed with enough methyl 
red and bromo-th>anol blue to give a neutral grey at half-colour 

point. This is perhaps a little on the acid side ol the actual inflection, but 
the curve is. neverth^'less, steep enough at this p„ for a sensitivity to be 
obtained of one drop in a total titre of 20-25 c ®* Some typical results are 
shown in Table IF Before discussing the differences between the three 

TABLE IL — .\ciD Tptake of Glvtk.v. Glutenin and Gliadin in Milli- 

EQVIVALENTS PER GrAM OF NiTROGEN. 


Glacial phosphoric acid, o i.V. | Gluten. Glutenin. Gliadin. 


(1) Ratio of titres to />h 4'5 and pn<i '5 with 

NaOH of acid U5ied. 

(2) Acid uptake from title to Pn 4 5 with 

0*588 0*521 


0*598 

NaOH. 1 

3*>5 

3*91 

3‘95 

3*27 

(3) Acid uptake from litre to pi, 9*5 with 
NaOH 

j 4-->x 

4*29 

4-84 

3-39 

(4) Ratio of uptakes to p^ 4 5 and Pu 9-5, 

0*87 

0*91 

0*82 

0*97 

(5) Acid uptake from titre to p^ 8*5 with 
Ca(OH),. ‘ 1 

Trichloroaceitc aetd, 0 05A’. 

4\7 

4’34 

4*88 

3*31 

(6) Acid uptake from titre to P||6. 



3*4 

— 


materials, it is desired to draw attention to the discrepancies between the 
first two columns. These refer to the same material, but the measure- 
ments were made on different da^’S with acid from different bottles. The 
difference between the two solutions of acid is exemplified in the figures of 
row (1). The discrepancies, pa^icularly those in row {2), are greater than 
can be accounted for by titrational errors. Although the extreme values 
for eight lime titrations row (5), carried out at intervals over a period of 
several months— namely 4*17 and 4*34 — only differ by 5 per cent., which is 
in comparison with the variation in the uptake per gram of nitrogen 
shown by the flours of Fig. 2 (extreme values 3-52 and 4'82), it would 
probalfiy be as well in future measurements with glacial pho^horic acid on 
flours to include a measurement on a stock gluten amongst those for each 
acid solution in order to relate more exactly measurements made with 
difiierent solutions. 

This source of error does not arise in comparing the two middle columns 
of the table, one for the gluten and the other for the glutenin, as the same 
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acid solution was used with both. It will be seen that the ratios given in 
row (4) are decidedly different both from each other and from the ratio in 
row (i). Now the figures in row (3) (or row (5) for they are substantially 
equivalent) give the total number of HPOt units taken up per gram of 
nitrogen. The figures in row (2) only give the number of those taken up 
which have a relatively strong hydrion dissociation. The ratio given in 
row (4) is therefore the proportion of the HPOt units taken up which have 
a strong dissociation, while the ratio in row (i) is the proportion in the 
original acid having strong dissociation. The conclusion derived from the 
experiment with the washed flour is thus confirmed, and in addition it 
becomes apparent the proteins differ in the degree of their selective action. 
The experiment recorded in the last column shows an extreme selectivity 
on the part of the gliadin which took up almost exclusively HPO| units 
having a strong dissociation. 

It was argued in the paper already referred to,^ that the precipitating 
action of glacial phosphoric acid indicates the presence of an anion which 
liecomes firmly bound to basic nitrogen groups by some force over and 
above mere electrostatic attraction. Reasons were given for thinking that 
not all HPOs units w’ould be capable of this firm binding and, further, that 
all possible (HPOa), molecules can be divided into two groups according 
as ^ey have or have not an active HPO* unit in their structure. 

From the differences in the behaviour of the materials investigated, it 
now appears that the basic groups of proteins can also be divided into 
categories according to their selective action on the various metaphos- 
phoric acids. To explain the results so far obtained, it is sufficient to 
suppose that the gliadin contained a large proportion of groups having a 
specific attraction for the '' active *’ metaphosphoric acids, while glutenin. 
though it may have contained a fair proportion of these, had a considerable 
number that w^ere non-specific in their action. In this connection it is 
interesting to note that glutenin is reported to contain considerably more 
argenine in its make-up than gliadin. The suggestion that the guanidine 
nucleus is prominent among the non-specific groups is not unreasonable on 
general grounds, seeing that its reactions are decidedly different from those 
of other basic nitrogen groups. This idea receives support from some 
experiments with edestin. These are not reported here in detail, as we 
had msufficient material for a complete examination, but the measurement 
showed that the edestin was less selective than the glutenin. It is reported 
to contain more argenine. 

It should be emphasised, however, that it cannot strictly be argued 
from the marked differences in selectivity found wnth these particular 
samples that all gliadins and glutenins are similarly differentiated. Thus, 
although the figures for the ^uten ^all between those for the gliadin and 
the glutenin, as w^ould be expected, it must be home in mind tl^t the acid 
binding capacity of the hours varied from 3*52 to 4*82 milliequivalents per 
gram of nitrogen. Comparing these figures with those in row (5) of Table I i , 
it will be seen that they nearly bridge the gap between thcNie for the gliadin 
and the glutenin. It is very improbable that the gliadin/glutenin ratio 
varies between the limits that would be required if figures given held 
good for all gliadins and glutenins, and much more likely that their acid 
binding capacity is subject to some variation accordii^* to their source. 
As, however, the gliadin w^as prepared from the gluten, it is probable that 
the figures for gliadin and glutenin prepared from the same gluten will be 
found to bear to one another the general relationship shown in Table IIL 

Before discussing the figures in row (6) of Table 11., mention should be 
made of experiments carried out with glacial phosphoric acid at other 
concentrations besides 0*1 N. In dealing with sep^ted proteins, this 
^ncentration has not the special advantage noted in the case of flour, but 
is nevertheless convenient, since stronger solutions hydrolyse more rapidly, 
while larg^ volumes ot liquid must be used to get equivalent accuracy 
with weaker solutions. The experiments summarised in Table III. show 
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TABLE HI. — Uptake of Glacial Phosphoric Acid by Gluten from Solu- 
tions OF Different Concentrations in Milliequivalents per Gram of 
Nitrogen. 


Concentration of acid (N) 

Weight of gluten (gm). 

Volume of acid added (m.e.) . 
Volume titrated (ml.) . 

Uptake from titre to pji 4*5 with 

NaOH 

Uptake from titre to Pn 9-5 with 
NaOH 


0*0 i 

0-04 

0*10 

0-20 

0*40 

10 

3 


3 

6 

G 

9 

500 

i 50 ) 

too 

100 

50 

30 

100 

50 i 

20 

10 

5 

2 

3-60 1 

3-59 1 

3*93 

3-98 

404 

3*90 

4‘ o 8 ! 

! 4*10 1 
! » 

4 * 3 r 

4-38 

4*41 

4^22 


how little the uptake depends on the strength of the acid used, though 
there is a slight increase with increasing concentrations up to o*4iV. There- 
after it falls a little, presumably because any real increase there may have 
been in the uptake of acid was more than offset by the effect of water binding. 
At 0*1 V water binding presumably made only about one-tenth the apparent 
negative contribution to the measured uptake, and so can be neglected. 

In the experiments of Table II., one gram of protein was added to 
40 ml. of O’lA' acid, while in those of Table III., i-z gram was added per 
40 ml., and proportionally more or less according to the strength of the 
acid, so that approximatdy the same fraction of the acid was removed in 
each case. Table IV, shows how the uptake per gram of nitrogen varies 

TABLE IV. — Uptake of Glacial Phosphoric Acid by different weights of 
Gluten added to 01 A' .\cid. 


i 

Weight of gluten added to 60 ml. acid 

i-o j 

1*5 

2*0 

3*0 

40 

Uptake per gram N from litre to 4*5 '• 

NaOH : 

3'86 ' 

3-89 

3-86 

3'7i 

3*68 

Uptake per gram N from titre to 0 5 

NaOH 

4-39 

4-34 

4-30 

4J5 

4*03 


with tlie weight of gluten added to Oo ml. of o iS acid. It will be seen 
that as far as 2 gm. in 60 ml. (i.c. 1*33 gm. in 40 ml.) the variation in the 
measured uptake is within experimental error. At this point the titre to 

4 5 has bwn reduced about one- third, and that to />h 9*5 by one^uarter,. 
S gm. of even the most reactive flour added to 40 ml. of o i*V acid would 
not over- pass this limit. 

The figures in row (6) of Table II. refer to determinations mad^ with 
trichloroacetic acid. As already noted, this acid is taken up by proteins in 
ever-increasing amounts, wdth rise in concentration above about 0*1 A’, but 
from o*o5-V down to such low’ concentrations that precipitation is no 
longer complete (which varies with the protein) the uptake is substantially 
constant. This being a very strongly dissociated monobasic acid, it seems 
reasonable to assume that all the hydrions removed from these dilute 
solutions combine directly with the protein, and that a measure is obtained 
in this w^y of the true hydiion binding power of the protein. The dif- 
ferences between corresponding figures in rows (2) and (3) are a measure of 
the weekly dissociating hydrions removed from solution in combination 
with polybasic anions, one or more hydrions of which, being strongly dis- 
sociating, have combined with the protein. The differences between row (3) 
and row (6) further show that some fairly strongly dissociating hydrions 
are also removed from the solution, in addition to those combined directly 
with the proteins which are presumably the same in amount whatever 
acid is used, provided the /y is low enough. Whereas the glutenin took 
up more polybasic anions with weakly dissociating hydrions attached, th^ 
gluten took* up more with additional strongly dissociating hydrioos — a 
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further indication ot differential selective action. It is proposed to discuss 
these and other observations in their bearing on the molecular structure of 
the metaphosphoric acids more fully in ano^er paper. 

A comparison of row (5) with row (6) shows that for the gluten the 
number of hydrions, both weakly and strongly dissociating, taken up in 
association with polybasic metaphosphate anions is about one -quarter of 
the total, the remaining three-quarters being combined directly with the 
proteins. From the number of hydrions directly combined, it is easy to 
calculate that only one in every twenty-two nitrogen atoms in the glut^ 
was able to co-ordinate a hydrion. It should be added that this statement 
is based on the additional information that the gluten was close 

to 6, which was found by Loeb's ferrocyanide method to be the lowest 

at which the material could be freed of anions. The acid uptake was 
thus substantially the acid binding povrer. Thus, when the acid used for 
the measurement is glacial phosphoric, the acid bound is some 30 per cent, 
in excess of the hydrions bound direct to the protein. 

The ^ of the Uncombined Proteins. 

Measurements by Loeb’s method on the gliadin and glutenin indicated 
that here also the fibres in the table are substantially the acid binding 
capacities. The minimum p^ for washing out anions was obst^rved to be 
Pu 5 5 lor glutenin, and 6*85 for the gliadin. The value for glutemn 
is in agreement with those previously reported by Hondo • and his co- 
workers. That for gliadin is close to the value 6*5 given by Csonka, 
Murphy and Jones, but quite different from 5-1 recently rept^rted by 
Kemp and Rideal.^^ For our purpose we need the p^ at which the 
protein is uncombined, and Loeb's method is a very direct way of deter- 
mining this. This has a definite value, even for a mixture of protems 
which separately give different ^r’s for no combination, lor, as Bungenberg 
de Jong has p>ointed out, the proteins may be regarded as combined 
with each other between these p^ values. From the standpoint of the 
zwitterion theory, this combination merely means a balancing of the 
electric changes of oppositely charged proteins without the necessity for 
the presence of other ions. It has generally been assumed that a material 
is isoelectric {i.e. it does not exhibit cataphoretic movement) w'hen it is at 
the at which it can be w^ashed free of extraneous ions. 


Summary. 

Making use of the fact that glacial phosphoric acid is a protein precipi- 
tant, measurements have been made of the capacity 01 the proteins of 
w heat hour to bind this acid by shaking them up with an excess of the 
acid and determining the amount remaining in senution by back titratioii 
on an aliquot. 

Solutions of potassium chloride, hydrochloric acid and trichloroacetic 
acid are slightly diluted by shaking with wheat starch, but there is no 
appreciable change in the concentration of a solution containing about 
8 gm. of glacial phosphoric acid per litre, owing to the balancing of a very 
small uptake of acid by a “ binding “ of some water by the starch. The 

• K. Hondo and T. Hayashi. Mem. Coll. Apic. Kyoto Imp. Vniv.. 1931, 11^1. 
K. Hondo. M. Murayama, and M. Iwamae. /. Chm. Soc. Japan, X933» $ 4 f 9 ^ 4 - 

F. A. Csonka, J. C. Murphy, and D. B. Jones, /. Amor. Ckem. Soc,, 1916, 
4 ^> 7 <> 3 - 

I. Kemp and E. K. Ridcal, Proc. Boy. Soc., 1934, 147A, n. In a paper 
shortly appearing Kemp states that the gliadin used by Kemp and Kideal had 
been denatured % long contact with alcohol, and gives a value of p% 3*92 ± 0*005 
for the isoelectric point of the native protein which is in substantiaT agreement 
with ours. 

H. L, Bungenberg de Jong, Trans. Faraday Soc., 193a, 798, 
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concentration change caused by adding flour is therefore due to acid taken 
up by the protein. 

The capacity of thirty-seven flours to bind glacial phosphoric acid 
varied from 67 to io*i milliequivalents per 100 gm, of flour. The uptake 
tended to be greater for the flours of higher nitrogen content, but the acid 
bound per gram of nitrogen varied from 3*52 to 4-82. 

Although electrometric titrations reveal^ difierences in the proportions 
of the constituent metaphosphoric acids in diflerent batches of glacial 
phosphoric acid, determinations of the binding capacity of a gluten with 
e^ht diflerent solutions gave a variation of only 5 per cent, between the 
highest and lowest values. 

The uptake per gram of a gluten varied only slightly with the concen- 
tration of the acid between 0*02 and 1*0 normsil, and was independent of 
the amount of gluten added, provided not more than a quarter of the acid 
was removed from the solution. In conflrmation of a theory of the mole- 
cular structure ol the metaphosphoric acids, put forward in an earlier 
paper, it has been found that protein removes certain metaphosphate ions 
from solution in preference to others. It has further been found that 
diflerent proteins are selective to different degrees, showing that their 
basic groups can be differentiated as regards their action on glacial phos- 
phoric acid. 

Reasons are given for thinking that the uptake of trichloroacetic acid 
by gluten from a o*5.V solution is a measure of its hydrion binding capacity ; 
if so, the additional titratable acid bound (roughly 30 per cent.) when 
glacial phosphoric acid is used, must be in the form of hydrions associated 
W'ith polybasic anions. 

The lowest pH at which the materials could be washed free of anions 
(the isoelectric point) w^as found by Loeb’s fenrocyanide method to be : 
the gluten — 0*i, the gliadin — 6 85, the glutenin — p^ 5*5, and 

one of the flours The p^ values w'ere in each case close to those 

of the materials as procured, and a correction of a few per cent, only had 
to he applied to the acid uptake to obtain the acid binding capacity. 

Our thanks are due to Dr. E. A. Fisher and Dr. P. Halton of the 
Research Association of British Flour Millers for supplying the flours 
used in this investigation and for giving information regarding them. 

Rothamsted Experimental Station, 

Harpenden, England. 


THE TEMPERATURE COEFFICIENT OF THE 
SOLUBILITY OF HYDROGEN IN ORGANIC 
SOLVENTS, 

Bv E. B. Maxted and C. H. Moon. 

Received zoth February, 1936. 

While the variation with temperature of the solubility of hydrogen in 
the organic solvents commonly used in catalytic hydrogenation is of 
considerable importance in the analysis of the factors which control the 
temperature coefficient of hydrogenation reactions in liquid systems, 
little has been published on the magnitude and direction of this variation 
for the common hydrogenation solvents, e.g. acetic acid and ethyl alcohol, 
over a reasonably extensive range of temperature. 
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Earlier work ^ indicates that, in general, the variation of solubility 
with temperature is positive ; but (save for benzene, which was studied 
by Horiuti, and alcohol, for which solubility values between o'* and 19® 
were measured by Timojew) measurements are available, for the solvents 
now investigated, only at 20® and 25®, 

In the present work, solubility determinations have been made for 
acetic acid, ethyl alcohol, ethyl acetate, chloroform and benzene, over a 
wide temperature range. The data obtained are expressed in the form 
of the Bunsen solubility coefficient, namely as the volume of hydrogen, 
reduced to N.T.P., which, at the temperature of the measurement, is 
dissolved by one volume of the solvent when the partial pressure of the 

gas is 760 mm. This coefficient, a, bears a 
relationship to the Ostwald coefficient, used 
by Just, Christoff and Horiuti, of the form ; 


in which T is the absolute temperature and 
y the Ostwald coefficient, t.e. the ratio of the 
concentration of the hydrogen in the liquid 
phase to its concentration in the gas phase. 
£ Each of these coefficients requires a know- 
ledge, firstly, of the coefficient of dilatation 
^ of the liquid studied, (in the case of a gas of 
low* solubility, dilatation due to the dissolved 
gas is negligible) and, secondly, of the vapour 
^ pressure of the solvent at the temperature 
of the determination. The operation of the 
Henry-Dalton law is assumed, since, as 
Horiuti has pointed out, any deviations from 
this are likely to be small under the condi- 
tions of the measurement and data are not 
available for applying this possible small 
correction. 

Experimental. 

A considerable amount of preliminaiy^ work 
was carried out in order to determine suitable 
apparatus and general technique. The ap- 
paratus employed by Just consisted of an ab- 
sorption vessel, which was connected with a 
Fig. t. gas-measuring system and shaken. Horiuti 

used a magnetic^ly operated stirrer in place 
of shaking the absorption vessel. 

At the beginning of the present work, Horiuti*s apparatus, with the 
exception of a small modification in the gas burette, was constructed and 
in general, was found to work very well ; there appeared to be room for 
improvement only in minor points. The slight overheating of the liquid 
in the absorption pipette by the coil of the electrom^et operating the 
stirrer was minimised by making tbe coil a self-contained immersed unit 
of sufficient diameter to allow an annulus of the thermostatic liquid to 
interrupt direct contact between this coil and the glass wall of the absorption 

^ W, Timojew, Z. physikah Chem., 1890, 6, 141 ; G. Just, ibid., 1901, ^7* 342 ; 
A. Christoff, ibid., 1917, 79, 456 ; J. Horiuti, Jnst. them. Physic. Research, Tokyo, 
1931. »7* 125* 
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pipette. This modification is shown in Fig. x, in which A is the magnetic* 
ally operated stirrer which is caused to rise and fall by interruption of the 
current flowing through the coil, B. The stirrer was of glass, of annular 
form, sealed over a short length of soft iron tubing and was provided with 
external glass fins, as shown. An internal thermometer pocket, C, acted 
as a vertical axis and guide for the stirrer. The diagram also shows the 
general arrangement adopted for degassing,* the liquid being boiled under 
reduced pressure in the flask, D. The portion of the degassed liquid 
taken for the solubility measurement w^as sealed from the remainder by 
a mercury cushion, E ; and its volume was determined by weighing. 
Some measurements carried out with this apparatus are included in the 
section dealing wuth solubility in acetic acid. 

For efflcient stirring, however, including the provision of conditions 
such that the surface of the liquid in the pipette was broken by the stirrer, 
the free gas space above the solvent had, for mechanical reasons, necessarily 
to be of a greater volume than is conducive to accuracy in measuring the 
gas absorption : otherw ise, w ith less vigorous stirring, the time of attain- 





Fig. 2. 


ment of equilibrium l>ecame rather prolonged. As an alternative to 
magnetic stirring, agitation of the absorption vessel itself, as in Just's 
method, w^as tried, the vessel being connected with the gas burette by a 
capillary connection. This avoided local overheating ; but there is a 
tendency tow’ards the formation of liquid threads in the connecting 
capillary, with consequent obstruction of accurate reading. 

The apparatus finally adopted is illustrated in Fig. 2. The gas space 
above the solvent was reduced to a minimum by employing a solution 
vessel of the form showm at A. This vessel, which was immersed in a 
thermostat, contained, in addition to the solvent, a small quantity of 
mercury, B, and was rocked so that the mercury and the gas bubble, C, 
moved along the tube in opposite directions. This secured intimate con- 
tact of the gas with the whole of the previously degassed liquid, and led 
to a relatively rapid attainment of equilibrium. 

The absorption vessel was connected by a long glass capillary link, D, 
apimxximately i metre in length, to a gas-measuring s>*stem, £, which was 
immersed in a glass-fronted tax^ maintained at a constant temperature. 

• C/, Horiuts, loc, 
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The smaller of the gas burettes was graduated in hundredths of a cubic 
centimetre. 

The various solvents were already available in a high state of purity ; 
and purified electrol)rtic hydrogen was used. Further purification by 
sorption in, and desorption from, palladium did not cause any measurable 
change in the observed solubility values. 

In order to carry out a measurement, the absorption vessel was detached 
by cutting the connecting tube at the point, F. A small quantity of clean 
mercury was introduced, and the vessel was filled with solvent with the 
exception of the space C. The free absorption vessel, containing the solvent, 
wsis now immers^ in w^arm water, in such a position that the gas space, C, 



was uppermost, and degassing was carried out by prolonged boiling in 
vacuo. Since the obtaining of concordant maximum v^ues for the 
solubility de|)ends on the completeness of this degassing process, great 
care was taken with this stage. The elimination of dissolved gas was 
accelerated by periodically closing the tap and vigorously shaking the 
absorption vessel : further, the shape of the vessel was, in itself, conducive 
to the rapid and complete freeing of the liquid from dissolved gas, since 
the boiling took place from the bottom of, and throughout, the liquid, 
by reason of the small area available for surface evaporation ; and the 
bubbles of solvent vapour thus traversed and scavengi^ the whole of the 
bulk of the liquid. The replacement of tap grease by, for instance, the 
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TABLE L 


Tempertture. 

•C. 

Wdsbtof 

Liquid 

Gram. 

Dm $ ityo { 
Liquid at 
ScMutiou 
Temperature. 

Vapour Pressure 
inuutHf 
of Liquid 
at Skriutiou 
Temperature. 

VoIuneGas 

Dissolved. 

C.c atN.T.P. 

«IL 


Hydrogen in ACetic Acid. 



<a) Roclciat Pipette. 





x8-6 

122'64 

1*0507 

11*0 

6*41 

00558 

27*4 

lU -49 

I 0367 

150 

6*28 

00596 

37'5 

11371 

1*031 

30*0 

6*565 

0*0620 

45*0 

X 1 300 

1*023 

45-0 

6-73 

0*0649 

54 *^ 

i» 4-34 

ion 

72*0 

6*915 

0*0676 

64*8 

III 90 

1*000 

109*0 

6-85 

0*07X4 

74 -H 

” 5-41 

0*989 

i 166*0 

6-765 i 

0*0742 

<6) Mechanically Shaken Pipette. 




iO-O : 

172*26 

; 1049 

1 12*0 

9*15 1 

0*0566 

300 1 

141*95 

1 1039 

21*0 

7 -R 9 1 

0*0594 

50-0 I 

15670 

i 1017 

' 57*0 

9-54 t 

0*0669 

M Magnetic Stirrer (Apparatus I). 




20-0 1 

137*22 

j 1*049 

1 12*0 j 

7-13 ! 

0*0547 

300 } 

13717 

i 1-039 

1 -11*0 1 

7*55 1 
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Hydrogen in Ethyl Alcohol 

. 


Ot ) [ 

82*56 

0*8063 

12*2 

7*235 

0*0718 

10*0 1 

81*39 

0-7978 

23*8 

7*285 

0-0737 

ao-3 

S217 

0*78170 

44*0 

7'545 

0*0769 

250 

■'^■54 

0-7831 

tyO'O 

7*405 

0*0784 

30-0 

8I0J 

0*7808 

78*0 

7*52 

0*0802 

40*0 

8339 

0*7730 

1330 

7 * 4 « 

0*0840 
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80*40 

07720 

140*0 
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i 0*0839 

500 

8o*l6 

o 7 <'i 3 

1 220*0 

645 

1 0*0864 


Hydrogen in Ethyl Acetate 



0-5 j 

88-13 

; 0*9244 

i 25*0 

6*69 

0*0708 

10*0 

89*31 

{ 0*9126 

i 427 

6*53 

1 0*0724 

21*0 

87-.'»4 

i o*HcHn 

j 7<>'9 

6*66 

i 0*0761 

30-0 1 
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i 0*8883 
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3 <>‘S ! 
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i 0*8762 
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Hydrogen in Chtorofdmii 



1*0 
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i i' 5 «'« 

6ro 

4*24 

00563 

10*0 

i 1^371 
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3*90 
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i 1*4750 
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4*224 
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Hydrogen in Bensene. 



0-5 

89-31 

0*9001 

250 
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00526 

8-3 

88*01 

0*8920 

43-0 

5*325 

00572 

ai‘2 

89^18 

0-8775 
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5725 

0*0625 
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9044 
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27 
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mixture of phosphoric acid and caramelised glucose used by Horuiti, was 
found to be unnecessary if the tap was re-greased for each measurement. 

The absorption vessel was now re-connected by fusion to the remainder 
of the apparatus and allowed to attain the temperature of the thermostat. 
The flexible capillary link, D, was next evacuated with a Hyvac pump, 
then flUed with hydrogen from the large burette and re-evacuated, 
evacuation and filling being carried out from opposite ends of the link in 
order to avoid a cushion effect. Finally, the gas-measuring system was 
placed in connection with the degassed liquid. In the absence of rocking, 
solution was very slow — of the order of o*oi c.c. per minute — and the 
position of the zero point could thus be determined accurately. The 
rocking mechanism was now started, and the absorption followed by means 
of the smaller burette. 

Solubility of Hydrogen in Acetic Acid. — The solubility of hydrogen 
in this solvent was determined in three independent types of apparatus, 
namely by the rocking pipette method, as described above, in apparatus 
provided with a magnetic stirrer of the Horiuti type, and in a mechanically 
shaken absorption pipette. The results obtained by these three methods 
are summari^ in Table I. 


The concordance of the results obtained in Series a and 6, which is most 
easily seen by reference to the collective graph, may be noted. The 
figures are, moreover, in good agreement with Just’s previous determina- 
tions, ate = 0*0575 2md — 0*0580. The values obtained in the ap- 
para^s provided with a magnetic stirrer were slightly low'er than the 
above, probably for the reasons already discussed ; and it is con.sidered 
that the variation of solubility with temi>erature is most accurately given 
by the closely agreeing results of Series a and 6. 

Solubility in Ethyl Alcohol. — For this, and for the remaining solvent.s, 
the rocking pipette method was used throughout. The exjHTimentiil 
results for the temperature range 0-50'' are also contained in Table L 

Just’s values a,* == 0*0804 and a,» o*o8i<^ are slightly higher than 
the above figures ; but the alcohol used by Just is stated to have been of 
98*5 per cent, purity, whereas, in the present work, a pure specimen w'as 
employed. 

Solubility in Ethyl Acetate. — Data relative to this are al.so con- 
tained in Table I. As before, previous data, due to Just, are only available 
for 20^ and 25"", Just’s value of a for the latter temperature (00780) 

falls almost exactly on the above curve. 

TABLE II. His value for 20' (0 0734 ) is slightly lower. 


Author. 1 

! 

[ Tmperature. { 

1 i 

[ 

' V'alue vi «. 

1 

Horiuti . 

i ■ 

70 

1 0*0571 


22*9 

1 0*0646 


41*5 

00733 

Just 

20*0 

i 0*0659 


1 25*0 

■ 0*0693 


Solubility in Chloroform. — The 

values obtained are given in I'afk I. 

Solubility in Benzene. - In this case, 
previous data, due to Horiuti, are avail- 
able for comparison, in addition to Just’s 
figures for 20^ and 25'". 

If the results in Table L arc compared 
with Horiuti’s figures and w*ith those of 
Just, converted in each ca.se into the form 
of the Bunsen coefficient, it will be seen 
that there is almost complete agreement 
with Horiuti’s values but that Just's 


figures are slightly higher. The comfmrison is shown in Table II. 


Summary. 

The solubility of hydrogen in acetic acid, ethyl alcohol, ethyl acetate, 
chloroform and benzene has l>een determined over various ranges of 
temperature lying between o® and 75®. In each case a positive temperature 
coeflicient was observed. 
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The results have been examined critically in connection with the 
known solubility values at 20® and 25® and, in the case of benzene — for 
which solubility measurements have already been made up to about 60®" 
—over a wider range. In general, where checking values are available^ 
there is good agreement. 

Department of Chemistry^ 

University of Bristol 


THE DISSOCIATION CONSTANTS OF SOME 
POLYBASIC ACIDS.— PART II. 

By W. R. Maxwell and J. R. Partington. 

Received 2 ^th February^ 1936. 

The present communication deals with the acids : 

C«H,(COOH')3 :i : 2 : 4] «'eH3(COOH),[l : 3 : 5] C3H3(COOH)4[l : 2 : 3 : 4]. 

Trimellitic Acid. Trimesic Acid. Melloplianic Acid, 

C,H3(COOH)4fl : 2 : 3 : 5: C,H3(C00H),ti : 2 : 4 : 5]* 

PrehniHc Acid. Pyronullitic Acid. 

These acids complete the series of acids formed by substituting 
hydrogen atoms in benzene by carboxyl groups, the other members 
having been, with the exception of terephthalic acid, described in 
Part I.' It has not been possible to determine the constants of this acid 
owing to its extremely slight solubility. The experimental method and 
the method of calculation used were the same as described in Part I., but 
it should be pointed out that the various expressions given for “ u ” on 
page 925 of Part 1 . are really expressions for — u and should therefore 
be multiplied by — l. This correction does not affect the validity of 
any of the formulae or results given as expressions of the correct sign were 
actually used. 


Preparation of Acids. 


Trimellitic Afid. — Rire pseudo-cumene (B-pt. 169® C., 760 mm.) 
was first prepareofrom Kahltoum’s pseudo-cumene (“ pure " B-pt., 160- 
170® C.) Dy conversion into the sulphonic acid, recrystallisation ot the 
latter, and subsequent hydrolysis with superheated steam.* This was then 
oxidised with alkaline permanganate,* and the acid obtained through the 
barium salt. It was recr>^tallised several times from conductivity water. 


M.-pt, 238® C. 

Trimeaic .\cld was prepared by oxidation of mesitylene with alkaline 
permanganate. • It was isolated through the barium salt and recrystallised 
several times from conductivity water. M.-pt., 368® C. 

Metlophanlc Add. — ^Owing to some confusion in the literature as to 
the structure and melting-point of this substance it Avas thought desirable 
to prepare it by two different methods : 


'Maxwell and f^rtington. Trans. Faraday Soc., 1935, 31, 92^2. 

* Jacobsen, Lieh. Ann., 1877* '99- Schultze, Ber., 1909* 4 ^* 3603. 

» Schultze. Lieb. Ann., 1908. 359 t * 45 - 

* inimaun and Uzbachian. Ber., 1903. 36, 1799* 
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(a) Pentamethyl benzene was caused to undergo the Jacobsen reaction 
with concentrated sulphuric acid whereby hexamethyl benzene and 
1 : 2 : 3 : 4 tetramethyl benzene sulphonic acid were obtained.^ The latter 
compound was isolated as the sodium salt and from this by treatment with 
concentrated sulphuric acid and superheated steam i : 2 ; 3 : 4 tetramethyl 
benzene was obtained w-hich was oxidised to the corresponding acid with 
alkaline permanganate.* The acid was isolated through the barium salt 
and recrystallised several times from conductivity water. M.-pt., 244® C. 

(d) 4 : 7«Dimethyl-2 : z-diethylindan-i : 3-dione was first prepared ^ by 
condensing diethyl malonyl chloride with /^-xylene in carbon disulphide 
solution in the presence of aluminium chloride. This was then oxidised 
with nitric acid in sealed tubes at 140** C. The benzene 1:2:314 tetra- 



carboxylic acid isolated from the product w'as crystallised several times 
from concentrated nitric acid, heated in a vacuum for 8 hours at 160** C. 
over KOH, and finally recrystalllsed from conductivity water. M.-pt., 
244 C. 

Prehnitic Acid.-*- Mesitylene carboxylic acid • was first prepared from 
bromomesitylene by Grignard's reaction* treatment with OOg, and sub- 
^uent decompt^ition with ice and hydrochloric acid. This was then 
di^lved in sodium carbonate solution and oxidised to prehnitic acid 
with alkaline permanganate on the water bath, the oxidation being complete 


. Sot., 1929* SI, 2997. 


• Smith and Lux. /. Amer, Chem. 

• TOhl, Bet.t 1888, 21, 907. 

» Md Flj^er. Litb. Atm., 1915, 41 1, 14. 

Bamfotd and Sim o naen, /. Chtm. Soe.. 1910, 97, 1904. 
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after ail^ut thirty hours. The acid was isolated through the barium salt 
and recryatallised several times from conductivity water. M,-pt.» 263- 
266® C. Oxidation with dilute nitric acid in sealed tubes at 170-180® C.* gave 
a product which was difi&cult to purify. 

PsrroinalUtlc Acid. — Acetyl ^s«;2*do-cumeiie was first prepared from 
pseudo-cumene and acetyl chloride by the Friedel-Craft's reaction, and this 
was then oxidised first to durylic acid with sodium hypobromite/ and then 
to pyromellitic acid with alkaline permanganate. The acid was isoUted 
through the barium salt and recrystallised several times from conductivity 
water. M.-pt., 276® C. 

Acids containing water of crystallisation w^ere dehydrated by beating 
at 1 10® C. in a vacuum over phosphorus pentoxide before weighing out. 

Remarks on the Titrations. 

The titration of solutions of mellophanic acid prepared by both methods 
and at the same concentration of both acid and alkali gave the same results, 
thus showing them to be identical. Trimesic acid was titrated at one 

TABLE L 


m.l. Alkali. 

5 

: 1 ' 10 * 1 . 

** * 

( ^ i< 4 ). 

*3 

i *4 

»' * 10'). 

m.l. .\lkali. 

(XIO»). 

(y io<). 

*. 

(x 10*), i 

(X109. 

TrimelltUc 

Acid (1). — (Acid ^ 0*03443 

1 Mellophanic Acid (6). — (Acid =^0*006307 

molar ; 

alkali 

- 0*11 

16 molar ) 

molar ; alkali =*= 

0*02745 molar.) 

0. 7 . M 

2 -OS 

I 51 
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0, 6, 10. 15 

7*01 
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1*75 

6*06 

2. s. 15 
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1-45 
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1-74 
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i *44 
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1 
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4. 
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705 

-- 

Prehmtic Acid (8). — (Acid « 0*006285 
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— 
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1 23 
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2*81 
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molar ; alkali = 


Trimesic Acid (4) 
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(xio^) 
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molar ; 
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1-38 
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2*91 
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1*35 
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2, 6 , 12. 17 

848 

3-4^ 

L 99 

7-55 

*1116 oorrect valuet of * ere obuiaed br 

3. 8 , 13. 17 

830 

556 

l ‘99 

7*55 

lookinc up the conctpoodiiif cotunuou Thai w 
PfrotaeUitic Add Is ( x ic 4 ) and not ( x xo^). 


^ Mills, /. Chem. Soc„ 19x2, lOi, 2x91. 








780 DISSOCIATION CONSTANTS OF SOME POLYBASIC ACIDS 


TABLE II. 


Titre. 

E.M.F. 

1 ntn. 

E.M.F. 

1 Titre. 



E.M.F. 


B.M.F. 

Trimellitic Acid (/.). 








0*00 

*2421 

5-98 

*1779 

11*00 1 

•1178 

15*00 

•0662 

18-36 

— *0182 

2*00 

•2228 

7*00 

•1653 

12*00 j 

•1052 

i6*oi 

•0519 

18-53 

- 044 

3*99 

•2016 

8*00 

•1534 

13*02 1 

•0921 

17*02 

•0345 

18*65 

— *090 

5*05 

■1894 

10*00 

•1298 

13*99 ; 

•079S 

i8*oo 

*0052 



Trimellitic Acid ( II .] 








0*00 

•2323 

5-98 

•1766 

1 12*00 1 

[ 1050 

1 1701 

•0345 

i8*8i 

*099 

1*99 

•2167 

7-98 

•1529 

14 02 j 

*0789 

1 1801 

•0087 



4*00 

•1983 

9*99 

•1298 

1 * 5 * 9 ^ ' 

•0518 

1 i8*6l 

- *033 



Trimellitic Acid ( III .). 







OOO 1 

•2210 

5*99 

• 1 700 

9*98 j 

• 1 240 

15*97 1 

i •«439 

18*50 i 

— *048 

1*98 1 

•2075 

7-98 

•1480 

11*97 ’ 

• 09 *} I 

1703 i 

1 0250 

l8’6i I 

— *072 

3 96 I 

•1912 

9*04 

*353 

I 3 * 9 « ! 

•0720 

1800 1 

i — *0040 

i 


Tfimesic Acid ( IV .), 








0*00 

•1962 

6*02 

*1511 

Xi *98 ( 

•0945 

17-99 

— *0150 

( 

i — 

2*02 

•i8I2 

7*01 

•J 43 <> 

1 5*02 1 

•0731 

lS-22 1 


... 

j 

3*97 

•1665 

9*00 

•1281 

lb*oi ! 

•0593 

•«-35 ! 

- 099 

1 

' “ i 

1 

4-98 

*1590 

10*97 I 

*1121 

10*99 ‘ 

•0393 

18*42 [ 

*108 


1 — 

M ellophanic Acid (!'.). 







0*00 

•2380 

500 

•1929 

lO'Oo 5 

• 1 X 55 i 

X 5*99 1 

•005O 

t 8-55 

— *092 

2*00 

•2232 

6*00 

•1803 

12*02 

*0801 1 

17*02 1 

— *0158 

i «-74 

~ 132 

2*99 

•2142 

803 

•I5II 

12-98 1 

*0631 1 

18*04 j 

-- *9475 

i8-«7 

~ *147 

3*99 

*2043 

903 

*334 

14*00 i 

•0437 1 

18*28 

— *061 




M ellophanic A cid ( V/ . ) 


0*00 

*2254 

(>-03 

•1738 

1 1*02 

-092 i 

lO-OX 

- *0025 

18*91 

2*00 

•2122 

7*02 

-1610 

12*01 

-0748 

17*02 

- *0235 

19*10 

2*99 

•2044 

8*00 


14 *02 

-0304 

18 02 j 

1 - *955 


4*02 

•1952 

10*03 

•1100 

15*94 

-0159 

18-51 j 

: - •o <}3 



Pfehnitic Acid (VIL), 


0*00 

: *2308 

4*99 1 

•1809 

10*00 

1 *1200 

14-02 ! 

‘ 96*5 

J 8 - 3.3 ’ 

*0572 

2*01 

•2134 

6*01 ; 

•1685 

10*99 

*1080 

16*00 1 

*0259 

18-46 1 

— *078 

3*01 

-1933 

8*02 

•M 45 

12*00 

1 .<^939 

17*02 1 

*0050 

18-58 I 

*117 

4*00 

*1924 

9*02 j 

- 13 JO 

12*99 

i *0790 

18*03 I 

— *0306 

18-70 I 



Prehnitic Acid {VIII.). 


0*00 

•2200 

5 *^ 8 } 

•1638 

14-03 ; 

•9533 

18-411 j 

- -088 


2*00 

•2050 

8*00 

*1402 

»5 04 , 

'9359 

l8-(.i 

- *110 

.... 

2*99 i 

•1991 

9*99 ! 

•1147 

« 5-97 1 

*0175 

• 8-73 

- *131 

— 

3*99 I 

•IvSOi 

11*97 

*08/^ 

18-01 ! 

-oyyc 

18-85 i 

- ‘144 

— 


Pyronullitic Acid (!X,). 


0*00 

•2416 

5*00 

•2048 

10*00 

*1395 

1404 

*o6<>i 

18-32 

- • 039 « 

203 

•2287 

6*01 

*1946 

1 1 '04 

*1118 

rer02 

*0346 

18-48 

— *062 

3*00 

•2215 

8*03 

1 *1676 

11*99 

*0967 

17*00 

•9153 

18-64 

-* *113 

4*00 

•2138 

900 

1 1592 

13*00 

•o«i8 

1 8*01 

-- *0174 

l8-8o i 

*147 


Pyronullitic Acid (A.), 


0*00 

1 *^294 

398 1 

*2050 

10*02 *1271 

15*01 

! '<» 47<>1 

18-36 j 

- *051 

2*00 

*2182 

5*99 1 

-1881 

11*97 0943 

i6*oi 

•o 3«4 

i 8-53 

— *078 

300 

*2120 

8*01 

•»<>33 

14*01 *0631 

18-03 

- *031 
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concentration only, owing to the fact that, tor solutions of higher concen- 
tration than that given, appreciable salting out of the acid occurred at the 
junction with the potassium chloride solution in the bridge, and solutions 
of lower concentration were not likely to give reproducible results. The 
curves obtained by plotting A/>aH/A ml. alkali against ml. alkali show a 
number of humps corresponding to the basicity of the acid except in 
the case of trimesic acid, the three constants of which are not greatly 
different in magnitude, and hence a more or less smooth curve results. 
The values of the constants calculated are giv^en in Table 1 . (i-io), and the 
data necessary for their calculation in Table II. (I. to X.). The volume of 
acid solution used for each titration was 20-05 ml. in cases i and 2 and 
20-02 ml. in cases 3-10. 


Discussion of Results « 


The complete consequences which follow from the above results have 
not yet been worked out, but it appears that the promoting effect of 
unionised carboxyl groups is not, as had seemed possible from the 
results in Part I., simply a function of their number and distance apart. 
Thus, ki for benzene 1:2:4 tricarboxylic acid is about twice as great as 
for benzene 1:2:3 tricarboxylic acid in which the groups are closer 
together, and similar!/ for pyromelHtic acid is greater than for 
mellophanic acid where again the groups are closer together. 

The values of the last dissociation constants are, howev'er, in agree- 
ment with the hypothesis that the negative charge or charges on a dis- 
sociating ion produce an inhibiting effect which is a simple function of 
tlieir number and distance from the dissociating carboxyl group. Two 
small deviations from this rule which arise when for prehnitic acid is 
compared with for hemi-melUtic acid, and for trimellitic acid is 
compared with for plithalic acid, are probably accounted for by 
deviations from the laws of ideal electrolytes. It should be pointed out 
that in drawing conclusions from the above results, and those in Part I., 
it must be remembered tliat in all except a few» cases where the carboxyls 
in the dissociating molecule or ion occupy equivalent positions, the 
< on>rants do not represent a simple equilibrium. Thus, for example, 
the first stage of ionisation of trimesic acid, whose carboxyls occupy 
e<|uivalcnt positions, can occur in only one way (I.), but that of hemi- 
mellitic acid, in wiiich the carboxyls are not all in equivalent positions, 
CiUi occur in two ways (II. a and II. ^), so that for the latter ^cid involves 
two different constants : 


HOOC'^VOOH 

J 5 


! i 
\/ 
COOH 


HOOc/'^jCOO 

I i 


\/ 

COOH 


COOH COOH 

/\'OOH /\cC 5 D 


.COOH 


I JCOOH 



;82 SYSTEM LAURIC ACID-SODIUM HYDROXIDE— WATER 


COOH 

/^COOH 

^^COOH 


COOH 

/Ncooh 



+ H 


II.I» 


It is hoped to discuss the results in more detail in a later paper. 

The authors wish to thank the Chemical Society for a grant which 
has helped to defray the cost of the research. 

Qiuen Mary College, 

[University of London). 


THE SYSTEM LAURIC ACID^SODIUM 
HYDROXIDE— WATER. 

By C. R. Bury and R. D. J. Owens. 

Received 26th February^ 1936. 

This is a continuation of previous work * on systems of the type 
XOH — MOH — H2O (where XOH is a fatty acid, and M a nutal), the 
object being to trace the changes that occur as the number of carbon 
atoms in the fatty acid changes, and as the nature of the metal is clianged. 
Data for the system lauric acid — sodium hydroxide — water at 2 ^ C. 
are presented here. 


Experimental. 

The general method of procedure was to mix lauric acid and a solution 
of sodium hydroxide of .suitable concentration in a resistance glass tube, 
which was evacuated to avoid frothing, and sealed otf. The tulx? was 
heated to 100^ to ensure complete interaction of its c'ontents, a homogeneous 
solution being generally obtained, and then shaken in a themn«tat at 
for periods up to eight weeks. The contents of the tube were tiltered 
through a sintered glass filter-funnel, the operation being pt^rfomied in the 
thermostat and in an atmosphere of nitrogen, and the liquid and moist 
solid analysed. 

Modifications of this procedure were frequently necessary. Neutral or 
slightly alkaline solutions set on cooling to an opaque gel — the wet curd — 
that shows numerous hair-like strands of fibre — the curd — under the 
microscope. The wet curd is unsuitable for phase rule work as it can only 
1 x 3 separated with difficulty into solution and moist solid. This difficulty 
was obviated by a process of artificial ageing. The wet curd was alternately 
cooled in tap water and heated in the thermostat for periods up to a mouth, 
being frequently broken up by vigorous shaking. In this ageing process 
it is essential that tfie mixture should never be heated above the tem- 
perature at which it is desired to establish equilibrium. As a result of 
this treatment the gel undergoes syneresis and the fibre strands become 
relatively short and collect in clumps, but do not appear to be otherwise, 

J Trans. Faraday Sot., 1933, 31, 480, 
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changed, and can now readily be separated from the solution by filtration. 
Before this, however, the mixtures were shaken in the thermostat to ensure 
the establishment of equilibrium. 

Laurie acid does not react completely with strong alkali even on heating 
to loo® and after continuous shaking for long periods. Apparently sodium 
laurate is so in^lubie in strong alkali that it can act as a protective coating 
to the underlying acid. In studying equilibria involving strong alkali it is 
necessary to dissolve the lauric acid in weak alkali and then to add more 
sodium hydroxide. 

Mixtures composed of dilute soap solutions with slight excess acid 
form colloidal suspensions of acid soap. The colloidal particles do not 
settle out completely on long standing, nor can they be separated from the 
mother liquor by any ordinary filter. Ultrafiltration had to be employed 
for these mixtures, a collodion membrane being used. 



Mixtures composed of more concentrated soap solutions with excess 
acid separate on ccx>ling into two liquid layers, a less dense layer of aniso- 
tropic liquid (liquid crystalline phase) and a denser layer of isotropic 
liquid {ordinary solution pliase). Shaking forms an emulsion of the liquid 
crystalline phase in the ordinary solution phase which only settles out with 
extreme slowness. Pure samples of the lower la>w can be obtained ynth 
ease, but it is impossible to get pure samples of the upper layer in reasonable 
time. Since the upper layer is a phase of variable composition it is im- 
possible to deduce its composition by eoctrapolation of the tie lines in the 
usual manner. If tiie homogeneous mixture obtained on heating is placed 
in the thermostat and allowed to stand without shaking for a uneek or two, 
separation of the layers is much more complete. Anal\’ses of the lower 
layers lie on the same curve as those of mixtures that have been shaken, 
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indicating that equilibrium has been established. Analyses of the upper 
layer of these unshaken mixtures (indicated in Table I. by the letters 
ns.") give a fair idea of the composition of the liquid crystalline phase, 
though most of the samples contained a little of the lower layer. 

Laurie acid was purihed by two fractional distillations of its methyl 
ester. Solutions and moist solids were analysed by (a) estimating excess 
alkali (or acid) by titration with standard acid (or alkali), acidic moist 
solids being titrated in lo per cent, alcoholic solution, and (b) estimating 
the total lauric acid by precipitation with hydrochloric acid, the acid 
being collected, washed, and then titrated with standard alkali in 20 per 
cent, alcoholic solution. Phenolphthalein was used as indicator.* 

Lauric anhydride {L,0), sodium oxide (Na,0), and w'ater were chosen 
as the components of the system, since any other choice would involve 
negative concentrations. Analyses of the solutions and of the moist solids 
in equilibrium with them, expressed in terms of these components, are given 
in Table I. All analyses quoted are the mean of two concordant deter- 

TABLE I. 


Solution. 


I 

NaiO. [LfO. 


40*56j 

40-441 


000 
0*01 ! 


0-02 

006 


3940 
34-<>5' 
28 * 32 i 0*0 
24-»3ioo3i 
2006 003 j 
i 2 * 87 |o-o 3 
io* 82 ! 0'03 


‘Moist Solid. 


Na, 0 . L, 0 . 


48-11 


33 

25 

21 
20 
16 

13 

12 

iO'57jooii I !• 


*21 


0*94 


003 


5‘93io*03 

2 - 4410 * 05 , 

2-42;0'04' 

1-470-08 

I 14 J 009 

loSio-oj 

o- 44 jo- 3 ^ 

o- 44 jO- 3 i 

0-240-42 

0-28^*45 

o- 3 r!i -50 

o*39!^*31 

0-4712-391 

o*54U-H 

0'53!3Jo 

o* 57 j 3-75 

0-671407 

074 I 4-92 


-71118-96 
1 1*40*20 
97!37*32j 
07U5-!> 
<>3;43-<>-2l , 
'3|3J-''5;J 
I 6 j 3 <)- 40 p 
5<» 27-<}4j 
07|25*20j 

33|i^»*3-’l 

57 ji 6 -is| 

84118-061 

22jl2-O0j 

5^jt7*77| 

o8ji4-i7' 


NaOH, H,0 
NaOH. H,0 
-t LOXa. 


^LONa. 


89)22-02! 


3 - 68 ! 


27-631 

10-56; 


22-61 


981 30-21 
16 * 19-25 
i3|^5-«.5 
49U7-3« 
72 23*74 


H:urd. 


Solution. 


* Moist Solid." 


N»,0. j L,0. ! Na,C). ! L»0. 




0- 77 
I -06 

1 - 02 
I-I 3 

*•47 

1*44 

003 

0*07 

o-o8 

a-o<> 

016 

0-20 

0-25 

0-36 

0-48 

0*48 

0- 50 
0*90 

1 -5 

1- 30 
I -.19 
l-tK) 

1*65 

1-78 

**89 

2^00 

2 40 
2*06 
3*5 


I 5-2"!3 

(>•501 

T7»\i 
j 10-64 

(io-75!2 

0-22! 1 

I 


74 

6<> 

*5 

22 

*22 

•57 

•3* 


!^.VS5il 




.;'.V47^2 

3''-‘>4! I 


o-4».j 

0-5212 

0- 68ji 

1 - 09 ; -- I --- ; 

1- 36! f I 

*-^3jo-74 7‘7* 

2- 62 — ; -• 

3*5210 


1 * 4 - 49 '; 


i -55 
4*5 
6*72 
7*98 
ro*i5i 
1 i-2e>i2 


12-10 

12-681 

13- 67 

14 - 48 
15*26 
17-99 

* 9-93 

22*81 


87 

41 (ns, 
19 (ns. 
77 
75 

27 (iw. 
2 ( 

08 (n«. 

95 

oH 

38 (ns. 
44 (**«■ 
43 (**» 
46 (ns. 
75 (ns. 


2I-20i 

2* *59! 
i43-9ii 
3«-40; 

47-83 


i 7*92; 

)!*3‘39 
>!io‘47; 

)5*5-23; , 

110 30 V Liquid crystal. 
)Ui*23i 
19-84) 

)i>7-79i 

16- 20| 

17 - 25 ! 


minations. In order to illustrate the most important points, these results 
are illustrated in the figure, in which triangular co-ordinates are used, 
and concentrations are expressed as mol. fractions except that an arbitrary 
value of 1000 baa been taken for the molecular weight of water, following 
the device of McBain. 

* McBain and Hay, /. Ckem, Sac., 1929, 389. 
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DUcassion* 

The solid phases in equilibrium with solufions on the alkaline side are 
(l) sodium hydroxide monohydrate, (2) anhydrous sodium laurate, and 
(3) curd. Anhydrous sodium laurate is the stable phase in contact with 
concentrated solutions of alkali containing practically no soap, repre- 
sented on the diagram by the line BA, the point A representing a saturated 
solution of sodium hydroxide. Curd is stable in contact with less 
strongly alkaline, neutral, and even slightly acid solutions represented 
in the diagram by the line BCDE. The change of phase at the point 
B was detected by a change in the direction of the tie lines, but more 
clearly by the change in appearance of the solid phase. (This change 
of direction of the tie lines is not apparent in the figure owing to the 
method of plotting adopted ; the poinU representing anhydrous sodium 
laurate and sodium laurate monohydrate are too close for separate 
representation.; The anhydrous salt usually appeared under the micro- 
.scope to consist of broken fragments that show-ed no external sign of 
crystalline form, though a few observations suggested that it crystallised 
in thin plates. The curd appears as a mass of matted fibres. A series 
of experiments, not ’*<xorded in Table L, fixed the triple point B between 
the limits n*3-i2*8 per cent. NajO. Curd is a form of sodium laurate, 
but owing to the relative positions in the diagram of the line BCDE and 
the points repre.senting sodium laurate and its possible hydrates, our 
analy.^es do not throw' much light on its degree of hydration. Tie lines 
from points on the curve near B indicate that it does not contain more 
than one molecule w'ater of cr\*stallisarion, while tie lines from the 
section CDE are (juite indecisive. Experiments of McBain and his col- 
laborators indicate a higher degree of hydration for soap curds, but it is 
possible that t!»e degree of hydration depends on their treatment and on 
the solution with which they arc in contact.® 

The profound influence of a slight excess of acid or alkali on the 
solubility of sodium laurate in the neutral region 
CDE is shown by the figures given in Table II., TABLE II. 

which have been obtained by recalculation of 
figures given in Table I. The compositions of Excess 

nearly neutral solutions saturated with respect to LONa. NaOH. 
curd are expressed in grams soap (LONa), and ^ 

excess acid (LOH) or alkali (NaOH) per icx) 278 010 

grams solution. o *49 0-22 

As is well known, sodium chloride and other i *43 

Saits lower the solubility of soaps in the same ^ 

way ; this being probably the first known ex- 
ample of the phenomenon of “ salting out.’* The 
raising of the solubility by excess acid is, how- 
ever, unexpected ; since lauric acid is a weak 10.5 1-80 

acid its effect should be negligible except for a 

small secondary effect in repressing hydrolysis and thus removing from 
solution the small amount of free alkali that is normally present. The 
phenomenon appears to be analogous to the Krafft effect.^ In each case 
there is a sudden rapid increase in solubility ; in the Krafft effect this is 
caused by a small increase in temperature, here by a small change in 

’McBain and Salmon, /. Chem, Soc., 1921, 119, 1374 ; McBain, Laxarus and 
Fitter. Z.physik. CAirm., 1930* 147A, 87, 

’ Krafft and Wiglow, Brr„ 1895, 256^^ 


LONa. 


LONa. 


Excess 

NaOH. 


1*43 

3*12 

Excess 

LOH. 
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Per Cent. 


the other components of the solution. Before drawing any conclusions, 
however, it is desirable to investigate the system at other temperatures, 
and to ascertain whether th^ two phenomena have a common basis. 

The effect of the repression of the solubility by alkali is to limit the 
area which represents the solution phase in the diagram to two narrow 
strips ; one GA lying along the side of the triangle and representing 
solutions containing sodium hydroxide (0-40*6 per cent.), but practically 
no soap, the other GE lying along the neutral line and representing solu- 
tions containing soap (0-11*5 per cent.) with little excess acid or alkali. 
As might be expected, lauric acid is practically insoluble in water 
and in dilute solutions of soap, but it dissolves appreciably in more con- 
centrated solutions, as is shown in Table ill, 
TABLE III. XLis seems only an example of a general pheno- 

LONa. LOH. menon : Smith ^ has pointed out that concen- 

^ trated solutions of soap dissolve appreciable 

Percent. Per Cent. quantities of organic compounds of the most 

0-67 1-35 varied types, and makes the reasonable sugges- 

Q.33 2-21 that the soap micelle is capable of incur- 

17-20 3 34 porating these organic substances. 

*^4’ho 3*74 The phases in equilibrium with the solution 

on the acid side arc (l) lauric acid, (2) acid 
sodium laurate, and (3) a liquid crystalline phase. I>auric acid i> in 
equilibrium wdth very dilute soap solutions (o to about 0*l per cent.) ; 
the co-existence of these phases is not indicated on the diagram. Acid 
soap is in equilibrium wdth a somewhat restricted range of more con- 
centrated, but still dilute soap solutions (0*1 -0*86 per cent.), represented 
in the diagram by the line FG. Analyses of moist solids indicate that 
its composition approximates to LONa, LOH, but that the ratio 
LONa : LOH increase.s as the concentration of soap in the solution 
in contact with it increa,ses. It is impossible to draw any conclusions as 
to the degree of hydration from our analystts. Acid soap appears under 
the microscope to consist of very thin plates. It remains su,spcndcd in 
the mother liquor as a fairly stable colloidal suspension tliat exhibiu 
well-marked striations on stirring, due to the plate-likc form of the par- 
ticles. The fact that acid soap forms these colloidal solutions suggests 
that it adsorbs sodium laurate from solution, and the variability of its 
composition is therefore not remarkable. 


LONa. 

Per Cent. 
114 
0-6 7 

9-35 

17*20 

24*60 


The liquid crystalline phase is in equilibrium with a wide range of 
siightly acid isotropic solutions (0*86-11*5 per cent, soap), represented in 
the diagram by the line EF. The compositions of the liquid crystals in 
equilibrium with these isotropic solutions arc represented by the line HI. 
The equilibrium between these two phases can be followed into the region 
in which they are metastable with resj>ect to formation of curd, as sbowm 
by the dotted lines EJ and HK. In general, compositions of liquid 
crystals approach those of isotropic solutions very closely, though the 
compositions of a particular liquid crystal and of the isotropic solution 
in equilibrium with it differ considerably. Study of these liquid crystals 
under the polarising microscope is much handicapped by the fact that 
they rapidly crystallise to acid soap at room temperature. Betw^een 
crossed Nicols, the emulsion of liquid crystal in isotropic solution appears 
as a cloud of white circular discs — each covered by a similarly oriented 
black cross. 


• Smith, /. Physic, CArm., 1932, 36* 1401. 1072 and 3455. 
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The concentration of the ordinary solution at the triple point isotropic 
solution — liquid crystal— curd, represented by the point E, was not 
determined directly, since the treatment required to get a solution in 
equilibrium with curd and suitable for analysis is so different from that 
required for the liquid crystal. Solutions in equilibrium with liquid 
crystal, after being analysed, were inoculated with curd. This grew 
in a solution containing 1*65 per cent. Na^O and I2»68 per cent. L^O 
and in more concentrated solutions, but not in less concentrated solutions. 

Edu^ard Davies Chemical Laboratories, 

University College of Wales, 

Aberystwyth, 


A DIRECT DEMONSTRATION OF BOUND WATER 
IN GELATIN GEL. 

By Emil Hatschek. 


Received 24th March, 1936. 


\Vhen gelatin gels containing cobaltous chloride arc allowed to dry 
at temperatures from 15"^ to 30"^ they turn a pure blue before all the water 
which they can lose at the latter temperature has evaporated. The 
water still remaining in the gel must therefore be considered as water 
bound by the gelatin in the sense that 
it is no longer free to iiydrate the 
cobaltous chloride. 

The quantitative determination of 
the amount thus bound seems of in- 
terest and offers no difficulty in principle. 

In practice it was found necessary' to 
develop a technique by which gelatin 
films could be dried so as to have a 
uniform thickness, and therefore tint, 
and to remain flat until they had turned 
a pure blue. If free discs of gelatin gel 
a few mm. thick are allowed to dry in 
the usual way on gauze, the well-known 



complications arise : the rim dries more 6 r h 

rapidly than the centre and thickens. . 1 ^ 1 i 1 ff 

and the discs bend into an anti-clastic 

surface, the colour of which is difficult A 


to judge. 

These complications are avoided, and 
fiat discs are obtained, by casting the gel 
in circular frames, to w hich it adheres, 
in the following manner (Fig. i) : a 
polished metal plate A, the upper surface 
of which has been very lightl}^ greased, 


c 



D c 


Fig. t. 


is placed on a levelled table. A circular mould B, of hard wood, the lower 
face of which has been thinly coated with vaseline, is laid on the metal 


plate and weighted at the four comers. The periphery bb of the mould is 
varnished with shellac varnish ; this does not destroy the adhesion of the 


gelatin but prevents its dehydration by the wood. 
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The mould is then filled with the gelatin sol C which is allowed to set 
for several hours or preferably overnight. When it has reached its full 
modulus or tensile strength the mould can be lifted off the metal plate by 
slowly tilting it ; the disc of gel adheres to it and continues to do so during 
the drying process. The mould is hung up vertically, occasionally turned 
through i8o® in its own plane, and the disc of gel allowed to dry until its 
colour is a pure blue. The change from an increasingly deep purple to 
pure blue is very sharp ; il there is reason to suspect that the gel has been 
allowed to dry further than necessary, the discs can be placed in a moist 
atmosphere and allowed to take up water again until a purple tinge just 
begins to show. 

To test how well defined the water content at the blue stage actually is, 
the following experiment was carried out. A specially thick disc was 
allowed to dry until the colour in transmitted daylight was judged to l>e 
a pure blue. It w^as removed from the mould in the manner to de- 
scribed in the next paragraph and weighed ; its weight was 3-3*12 gni. 
It was then placed in a moist atmosphere, carefully examined from time 
to time, and weighed when it show-ed an unmistakable purplish tinge. 
Its w^eight was then 3*365 gm., so that it had taken up 0-023 gm. of water. 
It was then dried to constant weight at 100® and left 2*510 gm. t>( dry 
residue, having lost 0*832 gm. of water compared with the original blue 
gel. The quantity of water — 0*023 8*^- — rcnjuircd to prcxiuce a marketl 
change from pure blue accordingly amounts to only 2*7 per cent, of the 
water content of the blue gel. 

The discs dry to a fin round the periphery of the mould (see detail I>) 
and are removed by cutting round the circle at cc. To determine the 
water content at the blue stage the discs are immediately placed m weigh- 
ing bottles, weighed and then dried to constant weight at loo^ tht* tem- 
perature being raised very gradually so as to avoid melting. 

If pi is the weight of the blue gel and that of the residue at loo"". 
Pi — Pi ^ w is the weight of water in the blue gel. The dry residue 
consists of gelatin dried at 100^ and anhydrous CoCl, in the ratio g/r. 
which can be calculated from the known quantities of gelatin and C'oC'l,, 
6H,0 used in preparing the soL The weight />, of gelatin in the dry 
residue is accordingly 

Pt - ptiJig f c) 


and the percentage of water in the blue gel H 

H = lQOW/(W -f pi). 

Some authors define the gel by stating the weight h of water per gm. 
of dry gelatin which is 

h ^ w/pi. 

Gelatin sols, the particulars of which are given below% were prepared 
from four different l>rands ; the iso-electric gelatin was kindly supplied 
by Dr. Dorothy Jordan Lloyd. The sols usually contained 10 gm. of water 
per gm. of gelatin ; although this low concentration prolongs the period 
of drying it permits the use of lower temperatures and makes it easier to 
obtain gels free from air bubbles. The relevant figures are as follows : — 

(A) 10 gm. air-dry Nelson's " Transparent " gelatin -f 5 gm. CoClf# 
6H,0. A sample of the gelatin dried at 100® gave 86-8 per cent, of dry 
matter. The ratio gic is therefore (as x gm. CoClg, 6H|0 gives 0*546 gm. 
CoClj) ; — 

gjc ^ 8*68/2730. 

(B) 10 gm. gelatin from S. Combier, Annonay, dried at 100®, + 5 gra. 
CoClj, 6HfO; — 


gjc « 2*00/0*546. 
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(C) 10 gm. air-dry isoelectric gelatin 5 gm. CoQ„ 6 H, 0 . A sample 
dried at 100® gave 867 per cent, of dry matter: — 


gjc = 8-67/2730. 

(D) 10 gm. Coignet “ gold label ’’ gelatin, dried at 100° -f 5 gm. CoCl„ 
6H | 0 1 — 

gjc ~ 2-00/0-546. 

The results are as follows : 


(A) pi ■- 2-143 : Pi " I‘538 gm. ; vu 0-605 gn». : />> = i'i70 gm. 

H 34-0 per cent. ; k — 0-51. 

(B) pi - 2-51J0 gm. : p, 1-850 gm. ; u» =. 0-740 gm. ; p, == 1-453 gm. 

- 337 per cent. ; A = 0-51 

(C) Pi 2-005 gnr, ; p, ~ 1-400 gm. ; w — 0-515 gm. ; p, — 1-132 gm. 

// :=r 31.4 per cent. ; A = 0-43 

(1)) p, “ 1-840 gm. : p, 1-375 gm. ; w -- 0-465 gm. ; p, = 1-060 gm. 
H -- 30-4 per cent. ; A = 0-44. 


Discussion of Results. 

Gelatin gels of different origin have been shown to contain between 
30-4 and 34-0 per rent, of water which is not free to hydrate cobaltous 
chloride. These figures are in good agreement with the values for 
bound water found by entirely different methods. Thus T. Moran * 
finds : "... when the water content falls to 35-34 per cent, there is no 
separation of ice at any temperature. . . . This undoubtedly suggests 
that water is present in the gel in two states, which may be distinguished 
as ‘ bound ’ and ‘ interstitial ’ water. Bound water is merely water 
which is incapable of being frozen." 

In the present investigation " bound " water is water which is in- 
capable of hydrating cobaltous chloride and the agreement between 
the percentages of .-iuch water and Moran’s values, while undoubtedly 
striking, must not be over-emphasised. Apart from other points Moran 
used an ash-free and i-^o-clectric gelatin, whereas the gels described here 
contained cobaltous chloride, i.e. electrolyte in considerable amounts. 
It is almost certain that this affect.s the percentage of bound water, and 
there seems to be a possibility of obtaining a new insight into the effects 
of the Hofmei.stcr .series hy investigating gels containing cither cobaltous 
salts with different anions, or mixtures of cobaltous chloride with 
neutral salts of different anions. Work in these directions is in progress. 


Summary. 

Gelatin gels containing cobaltous chloride have been shown to contain 
from 30 to 34 per cent, of bound water incapable of hydrating the cobalt 
salt, a value in good agreement w-ith the figures for bound water found by 
other methods. 

» T. Moran, " The Freezing of Gelatin Gels," Prot. Royal Sof.. 1926, liaA, 35. 



THE MAGNETIC SUSCEPTIBILITY OF CHLORINE 

HEXOXIDE. 


Bv J. Farquharson, C. F. Goodeve and F. D. Richardson. 
Received 2 yd March^ 1936. 


A red oily liquid was detected by Bowen ' in a study of the photo- 
chemistry of chlorine dioxide. The substance was isolated by Bodenstein, 
Harteck and Padelt,^ and was found by them to contain three atoms of 
oxygen to one of chlorine. Its molecular weight, when dissolved in 
carbon tetrachloride, was found to be 153*6, and it was called “ chlorine 
hexoxide (M.W. 167}. Goodeve and Todd * showed that in the gaseous 
state it existed entirely as C108, and this form was called “ chlorine 
trioxide.*’ It was with the object of determining the composition of the 
liquid and solid phases that the following investigation of the magnetic 
susceptibility was carried out. 

It is a general rule that paramagnetism in molecules is associated 
with an unbalanced electronic structure. Any molecule with an odd 
number of circumnuclear electrons must be unbalanced, and therefore 
paramagnetic. This has been showm to be true for NO (15 circum- 
nuclear electrons), NO* (23), and ClOj (33). It can be assumed that 
CIO3 (41) w’ill also be paramagnetic. 

If a molecule with an odd numlxT of electrons polymerises into a 
double molecule, the resulting polymer may be diamagnetic. For example, 
in the equilibrium 

2NO, ^ N8O4 

NOj is strongly paramagnetic, and NjOi diamagnetic. It .should be 
noted that molecules with an even number of electrons arc not neces- 
sarily diamagnetic. The oxygen molecule, for example, is strongly 
paramagnetic by virtue of its being in a state. As a general rule, 
however, molecules with an even number of electrons are in a state, 
and arc diamagnetic. 

The fact that paramagnetic NOj polymerises to diamagnetic Nj04 
h.iK been used by Havens * in order to arrive at the temperature variation 
of the susceptibility of NO^. He studied the magnetic susceptibilities 
of equilibrium mixtures of the two gases at different temperatures. 
The amount of N2O4 was determined from other data, and, allowing for 
its diamagnetism, the susceptibility of NO* was calculated. He found 
it to conform to Van Vleck’s equation (see 'below). This equation has 
also been found to hold for chlorine dioxide.* 

If chlorine trioxidc polymerises to CliO* in the condensed state, 
the substance will be diamagnetic. If there is an equilibrium l>etween 
the two molecular species there may be paramagnetism to a greater or 


^ E. J. Bowen. 1923, IJ3, 2328 ; H. Booth and E. J, Bowen, 

1925. 5m. 

* M. Bodenstein, P. Harteck and E. Padelt. Z. ancyre, Ck$m,, 1923, 14% 233. 

• C. F. Goodeve and F. A. Todd, Nature, 1933, 133* 314. 

^ G. Havens. Physic. Rev.. 1932, 41. 337, ^ ^ ^ 

‘ .H. W. Taylor, J.A.C.S., 192b, 854. 
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lesser extent, depending on the number of CIO3 molecules present, or 
there may be a small diamagnetic effect. From these considerations, it 
is obvious that it is possible to find the proportions of CIO3 and CI2O3 
in the mixture if its susceptibility and those of the pure components are 
known. 

Experimental. 

Susceptibility Measurements. 

The CIO, — C 1 , 0 , mixtures used in this research were prepared by 
mixing, at o* C., a stream of oxygen containing 75 per cent, by w^eight of 
chlorine dioxide, with a stream of ozonised oxygen containing about 
10 per cent, ozone. The flow speeds were 
roughly in the ration 1:8. Solid cr\'stals 
of the hexoxide were de|X)sited on the 
w'alls of the reaction chamber and after 
fractional distillation their melting-point 
was about 3*5® C. 

The mixture was finally distilled into 
the trap shown in Fig. i a, which was 
cooled to — 30*^ C. 'I'he hexoxide on 
warming and melting, ran dowTi into the 
cylinder V. A vacuum was maintained 
to remove any traces of impurity formed 
by decomposition during this last op>era- 
tion. The cylinder, immers<Ki in liquid air 
up to the level ol the hexoxide, was then 
sealed off at the constriction and a glass 
hcxik sealed on the top. The s{xx:imen 
could then Ik* stored indefinitely in a solid 
carbon dioxide-alcohol mixture. 

A Guoy method was used for tin* 
magnetic measurements. The specimen 
was suspended from the arm B of a weigh- 
ing l>alance (Fig. 1 6), so that one end of 
the cylinder was in a uniform field of 
about 5500 Gauss and the other end in a 
position where the field was negligible. 

The apparatus for cixiling the sjieci- 
men consisted of a copper tube up wliich 
pas.sed dry nitrogen, in a Dewar vessel 
containing liquid air to cool the gai». 

This vessel was of a special design with 
a constriction at its centre in order that 
the gap between the pole pieces, P, P ot 

the magnet should be as small as possible. Fio. r. — The apparatus. 

The copper tube C was thermally insulated 

from the outside air by means of a glass tube G. This was continued into 
another copper tube D to allow the rising gas to be heated rapidly to room 
temperature to prevent condensation of water vapour on the suspension. 
Temperatures were measured by means of the copper constantan thermo* 
couple T, w^hich was insulated from the copper tube by means of a glass 
tube and asbestos. This thermocouple was initially calibrated wi^ a 
standard Pt — Pt.Ir couple suspended in the position to be occupied by 
the sample of the hexoxide mixture. 

The force acting on the substance in a magnetic field is measured by 
** g " times the difference in w^eight AB" with and without the field, and is 
given by the equation : — 

F « AIF ,g - 
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where Kx is the volume susceptibility of the specimen ; A, that of the 
medium in which it is suspended (m this case nitrogen) ; H the magnetic 
field, and A the cross-section of the specimen. AT, can be assumed as 
negligible in comparison with A'l. 

Values for HW were determined first for the cylindrical tube plus the 
hexoxide, for a series of temperatures. The values for the empty tube 
were then determined over the same temperature range. The whole 
apparatus was standardised by repeating with the tube filled with con- 
ductivity water to the level of the original hexoxide. From the value for 
water,* 0-72 x iO“*, the volume susceptibility of the hexoxide can l>e 
calculated, using the relative values of AW. The mass susceptibility is 
obtained from this and the density at the freezing point. 

Results. — The measurements were carried out over a temperature 
range — 40° C. to -r lo'^ C. This range was obtained by allowing the 
liquid air in the Dew'ar vessel to distil slowly aw^ay. Measurements above 
-f 10® C. could not be made, as the hexoxide decomposes, producing chlor- 
ine dioxide above this temperature. The results are shown in Fig. 2. 
Curve A is drawn through the values of A IF for the tube filled with the 



Ac 




Be 


• 


8 




hexoxide mixture. 
Measurements were 
made on two suc- 
cessive days, those 
on the second l>eing 
indicated by circles. 
The values of A IF 
are negative (dia- 
magnetic). The 
values for the empty 
tulx^ are shown by 
curve T. In this 
case AH' is pfjsitive. 
The values for the 
hexoxide mixture 
alone are shown by 
curve Ac, which is 
the sum of curves A 
and T. It is .seen 
from the figure that 
the hcxoxkle mix- 
ture is diamagnetic 
throughout the tem- 
perature range and 
that the susceptibility decreases with increasing temperature. The dia- 
magnetism shows that C 1 , 0 « is in a state. 

One series of measurements was made after leaving the specimen lor 
fifteen minutes at 20® C. The results are shown by curves B and Be. 
Owing to the strong paramagnetic effect of the dioxide (and oxygen) now 
present in the mixture — an effect which should decrease with ri.se in 
temperature — this curve lies well below that for the pure specimen, the 
amount of separation Ixfing approximately proportional to tlie absolute 
temperature. 



Temperature C 
Fig. 2 . — The results. 


Density Measurements, 

From the weighings made for the above determinations the density 
was calculated fairly accurately and found to be 200 gms. per c.c. A 
more ^curate determination was made by distilling about 1 cx. of the 
hexoxide, used for the magnetic measurements, into a small graduated 

♦Landolt BOrnstein, Physikaluch^Chemiscfut TabelUn» 1923, p. 1203. 
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tube with a capillary neck. In this apparatus the coefficient of expansion 
was also found. The results were as follows : — 

Density of the liquid hexoxide at -f 3-5*’ C. . 2 023 ± -003 gras, per ex. 

Specific volurae ...... 0 494 c.c. per gram. 

C^fficient of cubical expansion . . . 12 ± 3 x 10 c.c. per c.c. 

per degree C. 

Theoretical Susceptibilities of CIO3 and Cl^Oe* 

The molar susceptibility (xmoi.) ^^^3 can be calculated from the 
simplified relation of Van Vlcck ’ : — 

4NmS 4- I) 

XaK.. = . 

where N is the number of molecules per gram molecule ; P the Bohr 
magneton, 0-9174 x lo"*® e.m.u. ; 5 the spin quantum number, and 
K the f3olt7.mann constant. It is assumed that all the electrons, except 
the odd one, arc paired, and therefore S = The mass susceptibility 
is then found by dividing Xmoi. rnolccular weight. The values so 

calculated for a minuter of temperatures are shown in column 2 of the 
Table. 


"enjp^ratTurf*. 
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TIte value for the molar susceptibility of CljOe’" ran be calculated 
by adding l^iscaPs experimental atomic values.® For Cl his figure is 
— 20 V 10“® e.m.u., and for oxygen — 4*6 X lo~®, thus giving a /alue 
for the molar susceptibility of — 67*6 X and for the mass suscepti- 
Inlity of — 0*405 X 10 •, This figure is supported by that obtained 
from Pauling*s theoretical ionic values,® Here it is necessary to assume 
some such structure as 4* 4 for ClgO^, which gives 

Xniot. - (*’2 4 57 f 6 X 12*6} X 10-“® =:= — 82-5 X IO-®. This is 

subject to a reduction of about 20 per cent., owing to the formation of 
linkages. The susceptibility thus becomes Xmoi. ^^*5 X 10~®, which 
adds confirmation to the value taken for this work, ^ — 0*405 X lO**. 

As diamagnetism is independent of temperature, it is unnecessary to 
make any correction for temperature variation. 

’ J. H. Van Vlcck, ‘rhr Theory of Electric and Magnetic SuscepithHities, 193a, 
p. 274. 

• E. G. Stoner, Magnetism and Matter, 1934, p. 470 : MtlUer^Pouillet. Lekrhuck 
der Pkvsik, 1934. P* 7*7 

* I* or the calculation of the theoretical ionic susceptibilities see Pauling, 
P.R.S., A, 1927. 1 14 * 181 ; and for their application see Gray and Farquharson, 
Pkh. Mag,, 1930, 10, 19*. and FarquharBon, Phil. Mag., 1932, 14, 1003. 
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Discussion. 

The value of the mass susceptibility of the chlorine hcxoxide cal* 
culated from the values of AW in Pig. 2 are shown in column 4 of the 
Table. It is seen that the diamagnetism of the mixture is less than the 
theoretical value for CljOe. This is probably due to the presence of a 
paramagnetic substance in equilibrium with CljO^, and increasing in 
amount with rise in temperature. As the substance exists almost 
entirely as CIO, in the gaseous phase, it is most likely that there is some 
dissociation in the liquid and solid phases as well. The percentage by 
weight of the trioxide, calculated by assuming the difference between the 
experimental and theoretical values to be due exclusively to its presence, 
is given in column 5. Chlorine dioxide, if present, would act exactly as 
the trioxide as regards its effect on the susceptibility, and the values in 
this column w’ould have to be reduced by a fixed amount. From the 
melting-point and the colour of the specimen at low temperatures, pro- 
perties which are markedly affected by small amounts of chlorine dioxide, 
it is considered that the effect of traces of this oxide is not greater than 
the following limits of error : — 

These observations are subject to a number of jx>ssible errors. The 
weighings were carried out to i /20th mgm. Assuming that the theoretical 
values of the mass susceptibilities are correct, the errors in weighing lead 
to an uncertainty in the values in column 5 of ± 05. The theoretical 
values for CIO, are probably sufficiently accurate not to afft'Ct thes<^^ limits 
of error. The additivity principle used to determine the value of 
— 0-405 X 10 -• for C 1 , 0 , has been lairly well establLshed,® but its applica- 
tion is subject to confinnation by a study of other diamagnetic oxides of 
chlorine. Any error here would lead to a disproportionate error in the 
final results. The error in absolute tcin|X?rature is rather indefinite, due 
both to the time lag in the warming ot the specimen and the temjKTature 
gradient up the cylinder. The tot^ time of the experiment was two and 
a half hours and near the melting-point this error was not more than a 
few degrees. 

The values of the equilibrium constant A'c arc given in the last column. 
The concentrations are expressed in gram molecules per litre. The 
logarithm of this constant, when plotted against the reciprocal of the 
absolute temperature, gives a straight line and the results may be ex- 
pressed by the following equation : — 


logic == C* - RJ -- 0-974 - RT, 

The heat of dissociation of CljO^ h therefore 1730 i 500 calories per 
gram molecule. No break in the curve was observed at the melting- 
point. 

The low dissociation in the condensed state and the almost complete 
dissociation in the gaseous state ^ are not incompatible. Should an 
equilibrium constant of the same order a.s that above apply to the gaseous 
state, the equilibrium would be almost entirely on the side of the ClOj, 
owing to the very low vapour pressure. 

The above work was carried out with the financial assistance of the 
Department of Scientific and Industrial Research and of Imperial Chemical 
Industries, Ltd, 
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Summary. 

The susceptibility of chlorine hexoxide has been measured over a 
temperature range — 40® to f 10* C, The density and coefficient of cubical 
expansion have also been determined. 

On the basis of theoretical values for the susceptibilities of CI, 0 * and 
CIO, the percentage of CIO, present in the mixture at various temperatures 
has been calcuUted, together with the corresponding equilibrium constants. 

An approximate value for the heat of dissociation has been determined 
from these constants. 

The Sir W illiani Ramsay Laboratories 
of Inorganic and Physical Chemistry, 

University College, 

Lotidon 


TRANSPORT NUMBERS OF PARAFFIN-CHAIN* 
SALTS IN AQUEOUS SOLUTION. 

PART L---MEASI:RFA 1 EXT of TRANSPORT NUMBERS OF 
CETYLPYRIDINTUM AND CETYLTRIMETHYLAmiONIUM 
BROMIDES AND THEIR INTERPRETATION IN TERMS 
OF MICELLE FORMATION. WITH SOME DATA ALSO FOR 
( ETANE SI LPHONIC ACID. 


By G. S, Hakilly, B. Collie, f and C. S. SAMis.f 
Receivt-d 13/// Janxiary, 1936. 

The difficulty of drawing correct conclusions about micelle formation 
from conductivity data alone has been discussed in some detail elsewhere.* 
By micelle formation we mean the aggregation of large organic ions of 
like sign which occurs in aijucous solutions of several types of organic 
salts ot high equivalent wtMght. Although aggregation of ions of like 
sign only will, according to the well-known reasoning of Me Bain,* increase 
their mobility, micelle formation may not produce an increase of equiva- 
lent conductivity. If the micelles are large, the aggregation will con- 
siderably increase the effect of coulomb at traction between the constituent 
ions and ions of opposite sign (which we shall call “ gegenions *’). The 
consequent adherence of gegenums to the micelle will tend to reduce both 
the mobility of the micelle and the equivalent conductivity. The 
effect on the latter will be relatively greater than on the former. The 
direct braking effect of the Debye-Hilckel “atmospheres** will also 
reduce both these quantities, and probably the former relativity more 
than the latter, but, although in micelle-containing solutions, their 
effect wnll be great, it will probably be less important than that of 
the gegenions actually adhering to the micelle.* If, therefore, micelle 

* A more exact name which will be used in subsequent publications in place 
of the *’ long-chain salts used in earlier ones. 

t Experimental work entirely done by the latter authors. 

* Moillict ColUe. Robinson and Hartley, Trans. Faradav Soc., 1935, 3 *. 

* McBaiil, ibid., 19x3* 9 . 99 - * Hartley, ibid., 1935* 3 Xt 
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formation causes a decrease rather than an increase of equivalent con- 
ductivity, we may still find an increased mobility for the organic radical, 
and shall almost certainly find an increase of its transport number. 

This is well illustrated by the equivalent conductivity-concentration 
curves for the two dyes, methylene blue and “ meta ** benzopurpurine, 
and for the paraffin-chain salt, cetylpyridinium chloride.^ The first has 
an equivalent conductivity rising above its infinite dilution value in very 
dilute solution, a phenomenon which seems to admit no other interpreta- 
tion than the formation of (probably small) micelles. The second, which 
transport number measurements have conclusively shown to contain 
micelles, has an apparently normal conductivity. The third shows, at a 
concentration of about iV/iooo, a very sudden fall of equivalent con- 
ductivity which, there is nevertheless veiy' strong evidence**® to show, 
is accompanied by the formation of large micelles. 

In the present work, transport number measurements on two paraffin- 
chain salts are described. The objects in carrying out this work were 
three ; {a) to obtain yet more evidence than was before available that the 
sudden fall of conductivity is due to the formation of micelles and 
consequent association of the gegenions with them ; [b) to measure the 
mobility of the micelles and, if possible, to obtain some idea of the 
fraction of the gegenions adhering to them and, hence, of the number of 
paraffin-chain ions contained in each ; {c) to find a satisfactory explana- 
tion of the rise of equivalent conductivity with increasing concentration 
w’hich is found in most paraffin -chain salts in moderately concentrated 
solutions, since our knowledge that micelle formation produces the steep 
fcUl of equivalent conductivity found in the dilute .solutions necessitates 
a reconsideration of McBain's almost classical tlieor\^ of the former 
phenomenon. 


Experimental. 

The method and apparatus used for the tran.sport numl:)er deter- 
minations have been fully described elsewhere.* A brief outline only will 
be given here. When practicable, the moving boundar)' method i.H greatly 
to & preferred to the Hittorf method, since it enables continouus measure- 
ments to be made instead of depending on four analyses only (and frequently 
two are not practicable, owing to the non-existence of sufficiently accurate 
ana]yi:ical methods). In each experiment with the moving boundary 
method w^e have an internal check on the accuracy oi the results, and 
moreover the whole experiment can be carried out in a shorter time than 
with the Hittorf method. If we wish to determine the transport numbers 
of large radicals directly by the moving boundary method, however, we 
shall frequently be faced with difficulty in finding salts to act as indicators, 
because these must have a radical of like polarity which has a lower mobility 
than the one w'e are concerned with. For the largest and slowest organic 
radicals it becomes necessary, therefore, for. the radical which is to be 
investigated to follow one which is faster. Measurement of the current and 
volume velocity of the boundary gives us the transport number of the 
leading radical, becau.se the concentration of this remains constant at its 
initial value in the solution into which the boundary is advancing. It does 
not, however, give us the transport number of the following radical, 
because the concentration of the latter, in the solution which the boundary 
leaves behind, is determined, not by its initial concentration (except 
insofar as convection may cause disturbance), but by the concentration of 

* Malsch and Hartley, Z. phvsik. Ckem., 193^, 170A, 3a t. 

* Murray and Hartley, Trans, Faraday Soc,, 1935, Xt, ittj, 

* Hartley, Drew and Collie, ibid., 1934, 30, 648. 
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the leading radical and the several transport numbers, the relationship 
being given by the equation : — 



where T's are transport numbers, C's concentrations, suffixes R and X 
denote leading and indicator ’* radicals, and the superscript K refers to 
the “ synthetic solution behind the boundary. This we call the Kohlrausch 
solution after the discoverer of equation (i). The balanced boundary 
apps^tus is designed to displace the Kohlrausch solution, slowly and 
continuously as it is formed, into a side tube where its conductivity is 
measured. We thus measure the concentration of the Kohlrausch solution 
and. using a leading radical whose transport number in the leading solution 
is known from independent measurements, we then derive the desired 
transport number from the Kohlrausch equation. 

The use of the apimratus had in some respects to be modified to adapt 
it to measurement of paraffin-chain salts at 35® C. These modifications 
arc described with reference to Fig. 4 of the previous paper,* to which 
jmper the reader is referred for a full description of the original technique. 
The use of grease on the stopper of the electrode vessel B was entirely 
avoided, as it would have emulsified. The ungreased stopper, how^- 
ever, permit te<l solution leak out when the level of the liquid which 
should be expressed from G r(»se above the level of the stopper. Accord- 
ingly. a wide tube wa.s fitted over G. open at the bottom and closed by a 
rubber tube and pinchc<K:k at the top, and thermostat water w^as sucked 
up into it, thereby lowering the pressure at the top of G below atmospheric. 
This also avoided crystallisation of the salt in G, wffiich occurred wffien 
this was left unprotected at room tem|>erature. As it w^as thought that 
electrical leakage might occur, due to the trickling of solution over the 
edge of G into the thermostat water, which would be immediately below^ it 
(a possibility made more serious by the wetting power of the parsiffin-chain 
salt solution), a second tul>e was fitted, outside G but inside the first, open 
at the top and attached to G at the lK»ttom (which was narrowed) by a 
sleeve of rubber tubing. The top of this tube stood above that of G, and 
so the thermostat water could be still further raised inside the outer tube. 
Greater care was necessary in the manipulation of the bubble in the Y, 
ovring to the low surface tension of the upper solution. Because bubbles 
formed in these solutions have a great reluctance to unite and may adhere 
very tenaciously to the wire electrodes, it w^as also necessary to wash out 
any froth form^ in the upper tulies of the Y by allowing solution to sweep 
out at G and then drawing the meniscus back very carefully to the Y. 
Apart from this, the eX|K^riment.s seemed to be in no way complicated by 
replacement of LiCl by the colloidal electrolyte, but the first results 
ol>taincd were rather erratic. It was considered that this might be due to 
dilution of the Kohlrausch solution by original “ indicator solution in the 
right hand limb of the V. Accordingly, solution was drawm up the right 
hand limb of the Y from time to time through the stop-cock and tube 
attached to F. Kea<lings of the resistance w^ere taken every half hour, and 
about one^-third of the solution that had entered the electrode tube since 
the previous reading was then drawn back in this way. The constancy of 
the readings was considerably improved, but they were still subject to 
greater erratic variation than in the work with the alkali chlorides. 

A new apparatus has recently been constructed making more suitable 
provision for the modifications of procedure described, in particular by 
introducing a second piston and cylinder connected to the vessel B. This 
piston is of only hail the diameter of the other and is caused, by a common 
mechanism, to ascend at the same linear velocity with which the larger one 
descends, so that one quarter of the solution ascending in the boundary 
tube is continuously diverted up the right hand limb of the Y. Some of tte 
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measurements here recorded have been obtained with the new apparatus, 
which gives very much more concordant results, and these agree very well 
with the mean results obtained in the old apparatus. This new apparatus 
will be described in detail in a later publication. 

The salts cetylp)nidinium bromide and cet}’^ltnmethylammonium 
bromide were used in this investigation. Potassium, or, in some cases, 
barium bromide, was used as leading electrolyte. Platinum gauze im- 
mersed in ferric bromide solution provided a satisfactory non-gassing 
cathode which did not give rise to anions more mobile than bromide. 
Silver-plated platinum gauze served satisfactorily for the anode, solid 
silver bromide being quantitatively formed. Owing, presumably, to inter- 
ference of the paraffin-chain salt with the crystal grow'th, the silver bromide 
did not adhere to the electrode, but fonned instead a fine precipitate. 

Both i>araffin-chain compounds w'ere obtained from cetyl bromide 
kindly supplied by Imperial Chemical Industries, Ltd., and si^jected to 
careful fractionation by our colleague, Dr. N. K. Adam, to whom we are 
greatly indebted. Its bromine content was found to be 26*25 ± *05, 
agreeing well with the theoretical 26*2 (C14 has 28*8 and Cj, 24*9 per cent.). 
Cetylpyridinum bromide w^as prepared by heating the cctyl bromide w'ith 
20 mols. per cent, excess of pyridine, purified by the method of Arndt and 
Nachtwey,’^ with constant stirring at 120-30" C., for four hours. The 
product was sev^eral times recrystallised from water and then from re- 
distilled acetone, and dried in a v*acuum desiccator over phosphorus jxint- 
oxide. The bromine content, found gravimetrically by precipitation with 
AgNO* in alcoholic solution, was 20*68 per cent, (theoretic^ 20*79 per cent.). 
The trimethylammonium salt was prepared by refluxing cetyl bromide 
with excess of 10 per cent, solution of triraethylamine in iiitromethane 
(prepared by boiling ofl: trimethylarainc from 30 per cent, aqueous solution, 
through lime, into nitromethane), using an ice-ccK)led condenser to prevent 
loss of trimethylamine. The product was washed with acetone, re- 
crv'stallised several times from water, and dried over phosphorus ptmt- 
oxide. Bromine content 21*79 per cent, (theoretical 21*93 cent.). 
Both preparations gave perfectly clear aqueous solutions above about 
30' C. The water used had a sjx^cific conductivity o*2~o*4 >: 10 
ohms-^ cm,-^ as collected in CO, -free air from a sf>ecial still, but no pre- 
cautions were taken to prevent access of CO, in the transport numlK*r 
apparatus. 

All solutions were made up by volume ♦ at 35" C., at which temperature 
all the measurements here recorded were made. Densities were .separately 
determined in order to convert the concentrations to the mas»-of -sol vent 
basis for calculation of the Hittorf transport num tiers.* Knowledge of 
the densities w'as also necessarv' to confirm that the Kohlrausch solution in 
the transport apparatus was less dense than the leading solution lielow it, 
a condition which is, of course, nece.ssary for stability of the (descending) 
boundary. 

Conductivities were determined by means of a direct-reading alternating 
current bridge, employing three frequencies : about 1000, 1000 x Vj and 
looo / 2 cycles per sec. The apparent leak in the leads from cell to bridge 
(due to non-ideal capacity) and errors due to the oscillator ‘•bridge coupling 
(arising because the connection of cell to the dial resistance box was directly 

’ Arndt and Nachtwey, Uer,, 1926, 59, 448. 

♦ In the manipulation of these cationic paraffin -chain salt solutions in glass 
vessels, difficulty xs frequently encountered owing to their leaving the glass in a 
peculiar conditmn, so that when water is introduced into a vessel that has con- 
a solution, the walls behave as though they were extremely greasy. 
Probably the cations are adsorbed head-on “ to the negatively charged glass, 
and thus leave exposed a monomoiecular layer of paraffin ‘"tails.*"* The solutkms 
themselves will wet this layer unless they arc extremely dilute. Small air bubble* 
also adhere to glass or platinum very tenaciously when a very dilute solution is 
used. The layer may be removed by washing with alcohol or acetone. 
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earthed) were determined by calibration with a standard resistance box in 
the cell position. Error due to resistance-capacity shunts in the cell when 
high resistances were being measured was eliminated by extrapolation 
against square of frequency to zero frequency. The cells used in this work 
were of the type described by Robinson and Moiliet,* except that, for the 
most dilate solutions, a large cell was used of a type that permitted dilution 
to be carried out in the cell without access of carbon dioxide. The elec- 
trodes were blackened except in the dilution cell, which was used only for 
very low concentrations. Equivalent conductivities are given in Table 1 . 

TABLE I. — Total Equivalent Conductivities. 


Cetylpyridinium Bromide Cetyltrimetbyiamiaoiuuin Bromide. 

- I 


gm. 

cm.* i 

gm. equiv. 

cm.* 

litre mi 35* C. 

olim, <gm. equiv.). | 

litre at 35® C. 

ohm. (gm. equiv.). 

0*00040 

US; { 

0*00038 

120*, 

0*00055 

1 I 8 -, i 

0*00062 

II 9 -J 

0*00075 

; 

0*000 80 

Il8*. 

0*00087 

107*, 

0*00105 

113*1 

0*00090 

99-08 

000157 

88 - 3 . 

0*00121 

86-9, i 

000236 

67 - 8 . 

0*00150 

74 - 9 . ; 

0*00477 

50*68 

0*00247 


0*00498 

49 - 7 o 

0*00345 

i 

o*oo 868 

40 - 5 i 

0*00499 

4'>-.?4 ' 

0‘0JI4, i 

377 » 

0*00740 

4 >- 5 i 

oo*«* 47 » 1 

3201 

0*0x38,, 

J 5 - 8 . 

00554 » 

29*5t 

00355, 1 

' : 

0*0648 i 

29*24 

0*1090, 

j JO'I, 

0*0692 1 

29*0, 


! , 

0-1738 

2 «* 3 t 


i 

0*278, 

2704 


; 

0*409, 

27 * 3 i 



0*421* 

27*74 


I 


The data for the transport numlK*r determinations are collected in 
Table 11 . From the known viduine concentration of KBr or BaBr* 
(column I), and the volume concentration (column 7) of parafiin-chain salt 
in the Kohlrausch solution, determined by conductivity the tra:«isport 
number of the oi^anic radical (column S) was calculated from the 
Kohlrausch equation (i'. the concentrations being converted to the mass- 
of -solvent basis for use in this equation. In column 2 is given the mean 
of the numerical deviations of the resistance of the Kohlrausch solution 
from the mean resistance, expressed as a percentage of the latter, and in 
column 3 the time over which readings included in the average were taken 
(at half-hour intervals). In the column beaded ’‘drift" is given the 
average resistance for the first half of this time subtracted from that for 
the latter half, expressed as percentage of the complete average. The time 
that was allowed to elapse l)efore ratings were included in the ave^e is 
given in column 5, and the initial concentration of the paraffin-chain salt 
solution in column 6. It wdll be noticed that results obtained with the 
new apparatus (denoted by and those obtained using BaBr^ in the 
leading position (t) are in good agreement with the other results. BaBr^ 
was used to check the figures obtained with KBr because, owing to the 
great density difference of the leading and Kohlrausch solutions when Bhe 
former is used, error due to convection, which is the most probable source 
of error in the more conoentrated solutions, will be greatly reduced. The 


* Robinson and Moilliet, Proc. Roy, 5 oc., 1934, 143A* 360. 
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TABLE II. — Transport Kumbbr Data. 




Kohlrausch Resittance. 


Gm. Equiv./Utre. 
Paraffio*chaui Salt. 


Gm. Eq^uiv. 
Litre KBr or 
BaBr«. 







Transport 

Number. 

Dev. 

Per Cent. 

Hours 

Const, 

Drift 

Percent. 

! 

1 Hours 
before 
Const. 

Initial 

Kohl- 

rausoh. 


Otylpyridinlum Bromide. 


000143 

1*5 


- 1*9 

1*0 

0*0007 

0*00065 

0*22, 

0001 72 

0*8 

12*0 

-f- 0*7 

30 

0*0007 

0*00078 

0*21, 

0*00171 

0*4 

7*0 

~ 0*5 

0-5 

0*0032 

0*00476 

1*34 

0*002 16 

0*3 

4*5 

"f 0*5 

5*5 

0*0032 

0*00^8 

1*49 

0*00303 

0*3 

5*5 

~ 0*7 

3*5 

0*0032 

! o*oo€^)8 

I *593 

0*00434 

0*5 

50 

-f 0*3 

1 3*5 

00133 

! 0*0148, 

r*66. 

000435 

0*7 

3*5 

— 0*9 

5*5 

0*0178 

0*0148, 

I *^>54 

0*01022 

0*5 

b *5 

- 1*3 

2*0 

0*03x2 

0*0339 

1*62, 

0*01019 

1*0 

6*0 

- 1-9 

* 2-5 

0*01 9 

00339 

1 1 *62 , 

0*0451 ♦ 

0*1 

4*0 

— 0*2 ! 

6*0 

0*0525 

0*1I6, 

1 29, 

0*0401 

0*0 

uo 

— 0*0 I 

3*0 

0*0871 

0*1 18, 

13O0 


Cetyltrimethylammonlum Bromide. 


0*00175 

1 0*2 

6*0 

4 . 0*7 

12*0 

00017 

i 0*00132 

038 

0*00200 

0*4 

3*0 

-t 0*5 

10*0 

0*0017 

0*00182 1 

0*43 

0*00168 

0*6 

40 

0*0 

t>*o 

00141 

0*00507 

i* 4 s 

0*00434 

0*1 

i 3*0 

0*0 

5*0 

0*0138 

0*0146, 


0*00661 •J 

0*0 

6*0 

0*0 

4*0 

0037 

1 0*0242, 

I * 62 , 

0*0112 

0*2 

1 8*0 

-h 0 *5 

4*0 

0*0229 1 

o*o3(K» 

i* 55 s 

0*0184 

0*2 

6*0 

— 0*1 

6*0 

0042 1 

o*oo5t* 

1*48, 

0*0292 

0*1 

1 5*0 

0*0 

4*0 

0*0780 j 

0*0832 

l* 4 D 

0*0500 

! 0*1 

3*0 

0*0 

I 6*0 

0*0446 ! 

0*1 28, 

i* 34 s 

0 - 0757 * 

0*0 

4*0 

0*0 

5-5 , 

o-i 87 .‘ I 

01 84, 

i* 25 o 


• Distinguishes results obtained with the new apparatus. 

t BaBr, used as leading electrolyte. taken — 0*425. 

J BaBr, used as leading electrolyte. Tjj^ taken -- 0*430. 

Volume velocity of the boundary, if not balanced, about 0*55 c,c./hr. in old 
apparatus and 0*67 c.c./hr. in new, these lieing about 10 j>er cent, in excess of the 
piston velocities, 

good agreement is evidence that convection is not catising appreciable 
error. 

The value of T* in the KBr solutions was taken to be 0-483 at all the 
concentrations used, in accordance with the measurements of Longsworth ^ 
at 25° C., assuming the temperature effect on transport number to be 
negligible for this salt, as would be expected from the temperature co- 
efficients of ionic conductivities given by Kohlrausch and Holbom,** For 
Jb* in BaBr, the values for BaCl, at 25*^ C., at the relevant concentrations 
were ^en from the work of Jones and Dole and allowance made for the 
bromide-chloride difference and for the temperature change on the basis of 
the figures given by Kohlrausch and Holbom. This gave T^in BaBr, at 
35® C., 0*7 per cent, less than in BaClt at 25® C. The figures obtained 
in this way are probably more accurate than any direct measureiXMmts at 
present published. As the transport number of the paraffin radical in our 
results is simply proportional to the 7 * or value (the concentrations 
being unaffected) correction may be made at once when more accurate data 
are available. 

Chem. Soc,, 1935 , 57* **55- 

Kohlrausch and Holbom, Das Lsitvtrmogsn d$f BUktfofyU (Letpxlg, 1916). 

» Jones and Dole, J, Anur. Ckem. Soe,. 1929, gi, 1073, v / 
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Within a certain range, the transport number in the paraffin-chain salt 
solution is changing so rapidly with concentration that two difierent 
Kohlrausch solutions could be obtained with the use of the same leading 
solution,* The lower one was obtained by starting with a still lower 
paraffin>chain salt concentration, and the higher by starting with a still 
higher concentration . The adverse density gradient that must have existed 
in experiments where the latter procedure was adopted did not give rise 
to convection trouble, presumably because the low concentrations and the 
lightness of these salts in water did not cause a density different sufficient 
to compete with the upward bulk flow of the solution. It was not thought 
necessary to attempt to obtain any points in the middle of this range, 
which is about from N/yoo to N/300. 

Discussion of Results. 

I. Qualitative. 

The total equivalent conductivities and the transport numbers of the 
organic radicals in the two paraffin-chain salts are plotted against the 
square root of volume concentration in Fig. 2. The former quantity falls 
very steeply and rather suddenly at about Nfioao, as in other unhydro- 
lysed salts with 16 ' irbon atoms in the chain. ^ The transport numbers 
rise ver\' rapidly in the range where the total equivalent conductivities 
fall, and reach values much above unity in concentrations well below 
A^/loo. The greater-than-unity values mean, of course, that the bromide 
transport numbers are negative, i.e. that more bromine is being carried 
towards the cathode by more-than-univalent cations than is migrating 
in the free state to the anode. In a salt whose single cations are uni- 
valent, this admits of no other explanation than the formation of multiple 
cations - micelles. 

Below O’OOOSA' we have experimental points which, though they are 
not ver>" accurate, are obviously not far removed from the value — 0*22 

• Reference to hig, i which is a qualitative diagram in which the v’ariation 
is exaggerated for the sake of clarity, will show that there must, in general, be 
three solutions to the Kohlrausch equation if there is more than one. For a 
given leading solution the 
three Kohlrausch con- 
centrations will be repre- 
sented by the intersec- 
tions witn the transport 
number curve of a 
straight line W'hose slope 
is equal to In the 

central region it is clear 
that dT/dC is greater 
than r/C and, therefore, 
concentration disturb- 
ances will tend to be 
propagated more rapidly 
than the boundary itself, 
a possibility discussed 
by Hartley and Moilliet.** 

It can be shown that the 
intermediate Kohlrausch 
concentration is not ex- Fig. i. 

perimentally attainable, 

and that, if an initial concentration of paraffin -chain salt near to it were used, a 
Kohlrausch solution of either the one extreme or the other would be obtain^, 
but only as a small region moving after the boundary and gradually increasing 
in d^th, 

“ Lotfcermoser and Pttschel, K<M, 1^33. $3. 175. 

** Hartley and Moilliet, Proc, Roy. Soc.. 1933, I40A« 141. 
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— predicted for infinite dilution from the conductivity data : below this 
concentration there is presumably no appreciable aggregation. The 
abruptness of the change is easily explicable by the mass-action law 
according to the reasoning of Bury/^» if the micelles formed are large 
and if small aggregates are not present in considerable amounts. 

With regard to both conductivity and transport numbers, the two 
salts studied are extremely similar, the chief differences being that the 
critical concentration for the pyridinium compound is slightly lower than 
that for the trimethyl-ammonium compound (0*00075 as against O'OOOQiV), 
and that the maximum transport number is slightly higher. For the 
sake of simplicity, therefore, we shall confine the further discussion to 
the latter salt, for which the data are rather more extensive. 



In Fig. 3 is plotted the equivalent conductivity (w) of the organic 
radical.* This rises ver\' steeply in the critical region from the low 
value characteristic of large simple organic ions to a maximum of about 

** Jones and Bury, Phii, Mag , 1927, 4, 841 ; Grindley and Bury, /. CAm. 
Soc., 1929, 679 : Davies and Bury, /. Soc., J930, 2263. 

Hartley, " Aqueous Solutions of Paraffin-cham Salts,*' AcimlUh Sci^nti'^ 
fiques, Hermann, Paris. In press. 

* V'e use the expression equivalent conductivity " rather than mobility " 
for this quantity expressed in the ordinary unit* (ohm-* cm.* (gm. equivalent)-*), 
because it has not the dimensions of a velocity per unit potential gradient or 
unit force. Wc use " radical " to signify that the property is measured for all 
ions of a particular kind in no matter what state of commnatton they occur. 
See Hartley and Moilliet.** 
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69 at a concentration of about N/ioo, The rise of the equivalent con- 
ductivity of this radical above its infinite dilution value is the most direct 
evidence possible ^ of aggregation. The fall of total equivalent con- 
ductivity during this range of concentration is due to the enormous 
reduction in conductivity of the bromide ions consequent on their 
attachment to the micelles. 

This conclusion necessitates some modification of McBain’s original 
theoity of the constitution of soap solutions, which has been extended by 
Norris,'* and McBaln and Williams to cetane sulphonic acid. The 
latter substance shows the critical fall of equivalent conductivity at 
about the same concentration as the two compounds at present under 
consideration. • The mass action law makes it extremely probable that, 



Fig. 3. ““-F'.qui valent conductivities of the component radicals and the whole salt, 
cetylmethylammonium bromide, 35* C. 


from this concentration upwards^ almost all additional paraffin-chain 
ions go to form micelles, and indeed it is probable that the concentration 
of free paraffin -chain ions decreases absoliUely}^ At a concentration of 
it is, therefore, almost certain that there will only be a very small 
fraction of cetane sulphonate ions in non -aggregated forms. In McBain’s 
composition diagram,'* however, we find that the micelle is only supposed 
to comprise some 15 per cent, of the total even at a concentration of 

*• Norris, /. Chem. Soc., 1022, iji, 2161. 

and Williams, J. Attufr Chem, Soc., 1933, 55, 2250. 

• Unpublished measurements by C*. S. H. 

Murray, Trans, Faraday Soc,\ 1935, 3 ** 

See International Critical Tables, 1929, 5, 44B, 
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Njio. Micelles come into being at far lower concentrations than was 
thought by McBain to be the case.* 

The necessity for this modification was appreciated by Lottermoser 
and Piischel in their work on higher alkyl sulphates,* but these authors 
postulated the formation of “ neutral colloid ’* at the critical concentra- 
tion. This enabled them to postulate the formation of “ ionic micelle ** 
in higher concentrations to account for the rise of the equivalent con- 
ductivity in these concentrations (ca. Njlo — Njz), a phenomenon which 
occurs in these compounds as well as in the well-known case of the soaps.*® 
We find, however, that the first aggregates formed are by no means 
neutral, and that the total equivalent conductivity falls despite an 
increased mobility of the organic radical. This throws considerable 
doubt on the explanation of the rising conductivity, put forward by 
McBain and accepted by Lottermoser, as a direct effect of the replace- 
ment of a less by a more mobile form of the organic ions. It is probable 
that the micelles which cause a rising equivalent conductivity in methy- 
lene blue ^ are small. Those w'hich, despite their high mobility, cause 
the steep fall of equivalent conductivity in paraffin-chain salts are prob- 
ably much larger. It seems unlikely that still larger micelles (and .any 
formed in higher concentrations must presumably be larger) would 
reverse the effect. 

In the two salts here described, a rise of equivalent conductivity, 
comparable with that found in the salts with paraffin-chain anions, does 
not occur. The equivalent conductivity of the trimethylammonium 
compound (which has been investigated at higher concentrations than 
the pyridinium compound) does, indeed, rise slightly, above but 
from '05^ to •2A^, where the equivalent conductivity of cetane sulplionic 
acid rises by about 20 per cent., that of the two bromidcts is .still falling, 
though ver>^ slightly. The equivalent conductivity of the bromide 
radical does, however, rise in this range. This gives us an important clue 
to what is really happening in the other salts. The almost constant 
equivalent conductivity in the two bromides is almost as remarkable as 
the rise in the case of salts of paraffin -chain anions. Analogy with 
ordinary electrolytes w'ould lead us to expect a steady and fairly rapid 
fall. Clearly, forces are in all cases operating against those normally 
considered, and it seems most probable that the difference is one of 
degree, these forces being powerful enough to reverse the normal effect 
in some cases, and, in others, only to counterbalance it. Do these forces, 
therefore, affect the total equivalent conductivity through the contribu- 
tion to it of the Gegenions ? To decide this question, we must see what 
variation with concentration is found for the equivalent conductivities 

* Recently McBain has conclnded '* most of the transition between simple 
crystalloid and colloidal elcctroh^es takes pikee between 0-05 and for 

undecyl and * lauryl ' (C|g) sulphonic acids and in still more dilute solutions in 
* myrlstyl ‘ (C^g) sulphonic acid,*' One would expect, on any theory, that 
further increase of chain length would lower the transition concentration still 
more, but McBain df>e» not say whether his conclusions with regard to the C,* 
compound are now modified, except that “in previous diagrams boundaries 
should be raised by n few per cent, '* (italics mine— G, S, H.), nor does he make any 
mention of the “ critical concentration ** phenomena. In the earlier papers of 
McBain and collaborators the steep fall of equivalent conductivity tn the dilute 
solution was attributed to extensive formation of “ simple undiSsociated “ soap 
(or sulphonic acid) which is a highly improbable occurrence.** It is not clear 
from the last pa^r how far this interpretation is now modified, 

J. Amer, Chem. Soc., 1935, 57, 1920. 

See, i,a., Bunbury and Martin, J. Chem, Soc,, 1914, 105, 417. 
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of the component radicals, in the case of salts which do show a rise of 
total equivalent conductivity. 

The transport data of McBain and Bowden ^ for potassium oleate 
and laurate, of Holroyd and Rhodes ** for the former salt (distinguished 
by •) and of Laing for sodium oleate, are combined in Table III. with 

TABLE III. 


Salt. 

j 

Coikce&tratioaJ 

- 1 

A. 

" i 

V. 


Potassium Oleate 

0*25 ATw 1 

34*0 

(0-75 

/ 25-5 

8-5 

00 

0 

p 

0-25 1 


1 \o-7i 

124 

10 

1 

0 50 AV 

370 

1 0*70 

25*9 

11*1 

Potassium Laurate 

0*2 Nw 

41*8 

1 °(>7 

28*0 

138 

18^ C. . . . 1 

1*0 A'w 

47 * 

\ 0*55 

25*9 

21*2 

Sodium Oleate . 

0*2 .Nw 

19*8 

! 1*22 

24*2 

— 4*4 


0*4 Nw 

! 20*8 

; I-I2 

23*3 

— 2*5 

18* c. . 

0*5 Nw ' 

’ 21*2 

1*09 

23*1 

~I *9 

Cetane Sulphonic i 

O’O Nw ! 

1 21*7 

j 

I 05 

22*8 

— 1*1 

Add 

0 013 AV 

146 

0*58 

85 

61 

50^ C. . 

0*046 A'v 

! ^35 

0.52 

70 

65 

0*073 Nv 

! *43 

1 046 

60 

77 


0*162 Nv 

] 

1 159 

j 0*30 

48 

III 


the conductivity figures given by McBain, Laing and Titley.** Here v 
denotes the equivalent conductivity of the fatty radical, and u that of 
the (iegenions as a whole. It will be seen that, for all these soaps, it is 
u which rises as A rises, while o, except in the case of potassium oleate, 
falls. The lowest concentration of this salt, however, for which transport 
data are available, is already above the range in which most of the rise 
of A occurs. In this table are given also data obtained by one of us 
(C. S. S., will be published in detail later) by the balanced boundary 
method, for cetane sulphonic acid in the range of concentrations where 
the very marked rise of A occurs. Here there is no doubt that v falls 
quite rapidly while A rises, and it is the great increase in the equivalent 
conductivity of the j^ognuons whu h causes the rise of A. 

It was mentioned above that McBain, and Lottermoser following 
him, explained the rise of total equivalent conductivity as a dinct effect 
of replacement of a les.s by a more mobile form of the fatty ions. We see 
from the figures that this cannot be a generally valid explanation. The 
mean mobility of all the fatty ions is not generally increasing as the total 
equivalent conductivity rises. Lc^ttermoseris explanation might, how- 
ever, be indirectly valid. In assuming tltat, with increase of moderately 
high concentration, neutral colloid ” is replaced by “ ionic micelle,*’ 
he assumes that the total extent of dissociation of gegenions from 
micelles increases. As his ** neutral colloid ” c;mnot be quite uncharged 
and if his ** ionic micelle ” is only a Utile more highly charged, or present 
in only smalt amount, the increasing depression of the micelle mobilities 
by Debye-HOckel atmospheres might outweigh the effect of increasing 
charge and cause a net fall of mobility of the fatty radical. The effect 

McBain and Bowden, /. Chem. Soc., 1923, la^t ^417. 

Holroyd and Rhodes, ibid,, 1919. i* 79 ‘ 

Laing, /, Pkysilt, Ckem., 1924, a8, 673. 

McBain, Laing and Titley, /. Ckem, Soc,, 1924, lag* 438. 

28 
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of liberation of the gegenions, increasing the conductivity contribution 
of those set free from a considerably negative to a positive value, might 
very well outweigh any depression of the mobility of those already free^ 
and produce the observed rise of the resultant mobility of the gegenions 
as a whole, and even, through this quantity, of the total equivalent 
conductivity. 

If we consult McBain*$ constitution diagrams for soaps, we see 
that this increase in the fraction of free gegenions (given by the com- 
bined width of the ** simple fatty ion ** and ** ionic micelle fields) is also 
implicit in his calculations. Recently, McBain and Betz ** have made 
this same assumption explicitly and obtained valuable new evidence of 
its validity. They find that the osmotic coefficient (from freezing-point 
determinations) and “ hydrogen ion activity coefficient ** (from E.M.F. 
of cells with liquid junctions) in solutions of sulphonic acids, also increase 
with increase of moderately high concentrations. Lottermoser and 
Puschel • found a similar increase in the '* silver ion activity coefficient 
in solutions of silver alkyl sulphates. While the evidence from neither 
source is conclusive, since the Debye-Hiickel contribution to the osmotic 
coefficient may increase without there bring any change in the real 
degree of dissociation, and since the interpretation of cells with liquid 
junctions is a very difficult and uncertain procedure, particularly where 
very unsymmetrical electrolytes are involved, these conclusions certainly 
make the assumption of an increase in the fraction of free gegenions 
much more probable. Further suggestive evidence in the same direction 
is found in the peculiar variation of the alkalinity of pure soap solutions 
with concentration. McBain and Martin •• found that the alkalinity of 
the concentrated solutions decreased absolutely with increaise of concen- 
tration. This means that the fraction of acid in the undissociated form 
(which is presumably all contained in aggregates) decreases with increase 
of concentration of a solution in which the hydrogen ion concentnuion is 
increasing,* The micelles can, therefore, lose hydrogen ions despite the 
increase in the bulk concentration of the latter, and it is, therefore, 
probable that other cations can also be liberated under similar apparently 
unsuitable conditions. 

It seems difficult to account for the fact that the rise of total equivalent 
conductivity is caused by a rise of that of the gegenions, as a whole, and 
not by a rise of that of the fatty radical, in any other way than by libera- 
tion of gegenions from the micelles. We must not, however, lose sight of 
the fact that, in a solution where the mobility of the gegenions i$ low 
because many of them are carried backwards by micelie.s, a fall in the 
mobility of the micelles will produce, in the absence of any other changes, 
a rise in that of the gegenions. In a solution micelles of diverse 

sizes are present, it does not seem obvious whafSme effect on the total 
equivalent conductivity may be. In a more detailed discussion in the 
third section, we come, however, to the conclusion that the conductivity 
and transport data for cetane sulphonic acid do almost certainly neces- 
sitate the assumption that gegenions are re-liberated, whether one or 
two fundamental types of micelle, each comprising a range of minor 

■•McBain and Betas, J. Anur. Ckem. Soc,^ 1913. 

*• McBain and Martin, /. Chem. Soc,, 1914, 105, 957. 

• This is the important difference from the case of the hydrolyiiis of the salt 
of a simple weak acid. In the latter the fraction of acid in the nndimiociated 
form ^so decreases with increase of concentraticin, but so does the concentration 
of hydrogen 10ns. 
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variations, b assumed. This being so, it seems to us unnecessary to 
assume, as Lottermoser does, the existence of two different types. ^ 
May not the re-liberation of gegcnions be just as likely an effect of con- 
centration on micelles of essentially the same type ? We are not wholly 
without a plausible physical picture of such a concentration effect. The 
fraction of the gegenions which adhere to the micelle will be governed 
mainly by their concentration in the free state near its surface. This 
will be greater than their concentration in bulk, and the factor by which 
the latter must be multiplied to give the former, which may be obtained 
approximately by graphical integration of the Boltzmann -Pobson 
equation, decreases with increase of concentration.® For large micelles 
this decrease is so great as to make the concentration of gegenions near 
the surface of the micelle tend towards a constant value. It is not, 
therefore, difficult to understand that the fraction of free gegenions will 
not decrease vtry rapidly. These conclusions are based on the picture of 
a spherically symmetrical atmosphere around the micelle. For two 
reasons this picture is seriously incomplete. First, the charges on the 
micelle are at discrete points, fairly far apart, and the near portions of 
the atmosphere will, therefore, collect, as it were, into nodule.*^. Secondly, 
the occasional near- approaches of micelles to one another will produce 
temporary distortions hich cannot be averaged out in any simple way. 
It is only necessary for these distortions to have more effect in reducing 
the atmosphere concentration at some times and places than in increasing 
it at others to give us a mechanism for the decrease of the number of 
gegenions attached to each micelle. 


II. General Relationships Between Conductivities in a 
Solution Containing Micelles, not all of one Kind. 

Before making a closer examination of the rising equivalent con- 
ductivity or attempting to form some estimate of the size of the micelles 
formed in dilute sohjtions, it will be necessar>^ to derive certain funda- 
mental equations relating the various equivalent conductivities. 

The nomenclature and definitions of Hartley and Moilliet will be 
used, but w'e shall replace the symbol/ of Hartley and Robinson by 
in order that in later papers the former symbol may be used without 
confusion for the activity coefficient, in accordance with general usage 

Let a fraction of all the paraffin-chain ions in solution exist in the 
form of micelles of type P, each containing paraffin-chain ions with 
n, gegenions adhering to them. Let the mobility of the micelle (its 
mean velocity in cms./sec. in a field of i volt /cm.) be Lp. The contri- 
bution made by the paraffin -chain ions in the form of this micelle to the 
total specific conductivity will be cx^LpF where C is the total equivalent 
concentration (equivalents per c,c.) and F is the Faraday number in 
coulombs. Replacing the product Lp F by Ip, the latter being the 
e^umtent cmductwily of paraffin-chain ions in micelles of type P, and 
dividing by c, we get, for the contribution which the paraffin-chain ions 
in these micelles make to the total equivalent conductivity, Xp^p, If we 
assume the whole of the paraffin-chain ions to be induded in this treat- 
ment (i.e., confine ourselves, as we shall do, to the concentrations where 

♦ McB|un*8 argument for the exbtence of two types of coUoida] partkle wm 
based on other data, and b referred to in the last section. 

Hartley and Robinson, Proc>, JRoy, 5 oc.. 1931. t34A» ao. 
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only a negligible fraction of them exist in simple form *) the equivalent 
conductivity of the paraffin -chain radical (w) will be given by 

u = ^Xplp • • • « (2) 

p 

Now, if the fraction be written as Bp, the total concentration 

of free gegenions will be ^xJBp, and the contribution of these to the 

equivalent conductivity will be Ig . TXpBp where Ig is the equivalent 

conductivity of free gegenions. The concentration of the gegenions 
present in the form of micelles of type P is cXp{i — 0 ^, and as these 
have a mobility of Lp, which is negative for the gegenions, the contribution 
of the gegenions as a whole to the total equivalent conductivity, will be 

W • - • ( 3 ) 

p p 

The total equivalent conductivity is, of course, the sum of (2) and (3), 

t.e, 

- • ( 4 ) 

p p 

and the transport numbers are the quotients of (2) and (3) by (4). The 
conductivity and transport measurements are thus completely repre- 
sented by these two equations. It w^ill be convenient, however, to 
ihtroducc average values of 0 , I and IB w'hich will be given by 

^ = (5) 

/ = ( 6 ) 

2 x^, 9 , (7) 

P 

a denoting a mean quantity. 9 measures the total degree of dissociation 
of gegenions Equations (2) and (4) now' become — 

I (8) 

® .... (9) 

a = /,^+/9 (10) 

If we were dealing with only one type of micelle, the mean values 
would be single values and, therefore, 19 would be equal to the product 
of I and 9 , In general, however, this will not be true, and it w'ill be 
useful for the purpose of analysis to separate the effects of change of 
average properties from change of diversity or “ fluctuation about 

the average. This can be done by introducing a function x. dt*fincd by 
the equation 

Id^x .... (n) 

which represents specifically the effect of this fluctuation, x being unity 
for zero fluctuation and greater or less than unity according to the way 
in which the fluctuations of I and B arc related. Substitution of (ll) in 
(10) gives us 

X = l,S+x.l .9 . . . ( 42 ) 

and of (ii) in {9) gives 

v^l, 6 +l{x 6 - i) .... (13) 

♦ Strictly, this treatment is in any case quite general because one kind of 
micelle " can be considered to be the simple pa^ffin-chain ion and another 
kind the simple ion-pair. 
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Solving (12) and (8) for 5 , we obtain 


These, equations arc exact. It remains to be considered what conclusions 
may be drawm from them on certain assumptions. 


III. Further Considerations of the Increase of Equivalent 
Conductivity with Concentration. 

Consideration of equations (8) and (12) shows that the value of 
dX/dc can only be positive while du/dc is negative if dlg/dc, dS/dc or dx/dc 
are one, two or all positive. The first two possibilities, an increase with 
concentration in the mobility of the free gegenions, or an increase in their 
total degree of dissociation, are quite contrary to expectations based on 
a knowledge of simple electrolytes. One or both of these increases must 
occur, however, unless dx/dr is not only [)ositive, but sufficiently great 
for d{xu)/dc to be positive. 

Now, in cetane sulphonic acid, from 0’046iV to o* 1621V, v (which 
interchanges throughout with u for cases w’here the paraffin-chain has 
an anionic end group) decreases by 32 per cent., x would, therefore, have 
to increase by 46 per cent, even to maintain A constant, and if neither 0 
nor Ig decreased. To produce the observed rise of A by 18 per cent., the 
increase of x would have to be much greater still. Even if the function 
X changes in the desired direction, is a change of this magnitude at all 
probable } 

It is evident, from the definition of x (equation (n)), that, if the I 
and 0 values of the various micelles were entirely independent, x would 
be unity. The variations will not, however, be entirely independent. 
If another gegenion attaches itself to a micelle which suffers no other 
change, both I and 0 w ill be decreased, and approximately proportionally, 
since the radius of the micelle is not appreciably altered. If another 
paraffin^chain ion enters while the number of gegenions remains the 
same, we shall have an increase of 0 . The charge of the micelle will be 
increased, relatively, much more than its radius, and / will, therefore, 
be increased also. Since the volume of the micelle will consist almost 
entirely of paraffin-chain ions, it will be proportional to m and its effeciivc 
radius, therefore, to m*, while its charge vrill be given by mff. We shall, 
therefore, have, roughly, / oc wti , S, and the second change of composition 
mentioned, since it increases m and 6 , will give an increase of / relatively 
greater than that of 0 , Addition or removal, however, of ions of either 
kind independently of the other, will not occur to any considerable 
extent. If Iff increases without incrccuse of w, the potential at the surface 
of the micelle wdll increase and gegenions will, therefore, close in on the 
micelle and an increase of n with consequent decrease of S is almost 
certain to follow. Similarly, a decrease of m wdl! result in an increase of 
0 ^ For micelles of essentially the same type, i.e, micelles formed by 
aggregation of the paraffin chain ions in some definite state (isotropic 
liquid, nematic liquid, crystalline solid, etc.), the tendency will be for a 
certain constant potential to be maintain^. Potential and mobility 
are approximately proportional, both being approximately proportion^ 
to ml , 0 , and hence the tendency will be for I to have a constant value for 
all the micelles of the same fundamental type at any one concentration, 
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just as the much larger particles of an ordinary colloid have mobilities 
almost independent of size. 

On the whole, therefore, what variations of / and B occur will be 
symbatic, i,e. we are more likely to find the high / values among the high 
B values than among the low ones, and the low I values among the low 0 
values than among the high ones. Variation of this type will make the 
high values relatively more important in the IB products than in / and B 
separately, so that the mean of the products will be greater than the 
product of the mean values, x b€ > i. Since, however, I will 
vary less than tf, the difference of these mean values will be less than it 
would be if I varied proportionally with B^ i.e., x ^ < ^/(^)*. 

We should not be justified in attempting any statistical treatment of 
the B variations until we know far more than at present about the forces 
involved. We think, however, that it will be generally agreed that the 
case where one-third of the micelles have B values equal to the mean, 
one-third values half as great, and one-third values one-and-a-half times 
as great, though of a very artificial kind, represents far greater fluctuation 
than is at all likely to occur. For this case, 

= I* + (f)*l - 7 / 6 . 

The extreme probable limits of x thus seen to be very close together, 
the lower limit being I and the upper limit being almost certainly <“ i*!. 

Increase of x hy more than 46 per cent, is thus quite out of the 
question if we have micelles of fundamentally a single type. 

Can the possible existence of two fundamentally different types of 
micelle enable us to avoid the conclusion that dBjdc (or divide) is positive ? 
Suppose we have two types, A and B. We shall distinguish quantities 
pertaining to each by suffixe.s a and b, and denote the fraction of paraffin- 
chain ions in the form of B micelles by y. We .shall consider that it in 
the B micelles which increase at the cxpen.se of A micelles as the con- 
centration increase.s (re., dyjdc positive). In place of (8) and (12) we 
shall now have 

M == 4. (i - )■) -r y . , . (15) 

and 

A = + xJa^a ■ {I - )’) + XJA - ,V . (16) 

Now, if we are to avoid assumptions of the same kind of apparent im- 
probability as po.sitive values of d6/dc and d/^/dr, w'e must assume not 
only these quantitiesto be negative, but all dBjdc and dlidc values to 
be also negative and B^ to be < 6^. 

If we write 

G ~ 1,6 + lj„{i ~ y) + IJS^y , . . {t 7) 

then, since the x values must be between I and y».. . where y is tlieir 

highest possible value, we have 

A > C (18) 

and 

^ < XoMx. ■ G — (xa»x. — 1)1,6 . . (19) 

Differentiating (17) with respect to concentration. 
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and since the first three terms in this expression are, by hypothesis, 
negative, and since < S^, 


i t; by {»5), 


^ — y) + M- 

<«.!“ . . 


(20 


If we confine our attention to a range of concentration in which dw/de is 
always negative, it follows from (i8), (iQ), and (20) that 

A' - A < x^.G' -G-ix„^- 1)1'^ 

G (XvBtMX. — 

< (Xmitx. — 0(^ — 9^) t 

where dashed symbols refer to the higher of any two concentrations in 
this range. Since, by (3), all contributions to v, other than 1^6^ are 
negative, we can conclude further that 

A A ■< (xm*x. t)(A — ^’0 • • • ( 21 ) 

Taking the two concentrations, 0-046^^ and o*i62:V, in the case of cetane 
sulphonic acid (and irterchanging r and u), (21) becomes 

* 59 - 135 < - HI), 


whence Xmii*. must be > 2*0. 

So high a value i.s quite inconceivable, and we must conclude, there* 
fore, that some of tin? d//dr or dOjdc factors must hav'e positive values, or 
that must be > 6^, This argument can be applied equally well to a 
case W’here more than two types of micelle are present. 

The gegenions must therefore be progressively re-liberated from the 
micelles, or a more highly charge<l type of micelle must be formed at the 
expense of a more nearly neutral one, or the free gegenions must become 
more mobile. 


IV. The Probable Coastitution of the Micelles. 

The great uncertainty of the “ atmosphere ” effects on the mobilities 
of the micelle and the free gegenions makes it of very doubtful value to 
attempt to calculate the possible limits of the size of the micelles from 
the experimental data. In particular, the mobility of the free gegenions 
cannot be computed m the present state of strong electrolyte theory. 
Not only are the approximations which enabled Debye and Hiickel to 
obtain their simple formulae invalid, but the Poisson -Boltzmann equation 
itself, on which the wdiolc theorv' is based, cannot possibly give us the 
correct picture of the distribution of charge about univalent ions in 
solutions where oppositely charged ions of ver>’ high valence (micelles) 
are present * 

It is of interest, however, to see whether a “ synthetic ” picture of the 
micelle, arrived at from a consideration of the forces involved in its 
formation, is capable of giving us a plausible explanation of the conduc- 
tivity and transport figures. The paraffin -chain ions aggregate because 
of a strong tendency of the water to expel the paraffin-chain itself from 
solution, but they remain in solution in an aggregated form because of 
the strong water-attracting power of tlie ionic “ heads/' and the w^eakness 
of the structure of the crystalline solid. There is strong evidence that 
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the aggregates are essentially liquid,^® and since they will tend to present 
the minimum surface (which cannot consist entirely of ** heads ”) to the 
water, they will presumably be roughly spherical and of the largest radius 
consistent with none of the “ heads *’ being submerged in the paraffin 
interior. The radius of the paraflin centre will be slightly less than the 
length of a single fully-extended chain. For a chain of l6 C atoms this 
length will be about 19*2 A, and the radius of the paraffin centre can, 
therefore, be taken as about 18 A. From the volume of this, and taking 
the density to be that of liquid cetane (0*77), we can obtain the number of 
cetyl chains contained, which comes to about 50. In calculating the 
mobility of this micelle, we must make some allowance for the effective 
thickness of the ionic “ heads ” for which we may allow about 3 A. 
The Stokes* law (without atmosphere effect) equivalent conductivity of 
paraffin-chain ions in this micelle at 35® C. will be 276 X 6 having the 
significance pre\Hlously described. 

Let us take the case of cetyltrimethy 1 -ammonium bromide at a con- 
centration of -V/50. A is = 33, and u = 53*5. If we assume /g to be 
reduced by about 25 per cent, by atmo^iphere effects, its value becomes 
71. Taking a probable value for x ” substituting in equation 

(14), we obtain 6 = 0*26. The average charge on the micelle is, therefore, 
50 X 0*26= 13, and the solution is, there'fore, to be considered as a 
l-13-valent electrolyte of concentration 0*02 x 0*26 == o-oo52iV. For 
this the value of 1 /#c (the thickness of the atmosphere in the simple 
Debye-HUckel theory’) comes to 16 A. a, the distance of closest approach 
of the centres of a micelle and a gegenion, can be taken as 22 A. Now\ 
according to the simple Onsager assumptions, the “ endosmotic ** con- 
tribution to the equivalent conductivity of the micelle would reduce 

it to — r — of its Stokes* law value,® The Stokes’ Jaw value is 

I -f Ka 

276 X 0*26 = 72, and this would, therefore, be reduced to 30 instead of 
the observed 53. Although the reduction predicted by the simple 
theory is probably too great, reduction from 72 to 53 only by atmosphere 
effects is probably too small. We shall probably have, therefore, a 
higher value for B which can only be obtained by taking a lower value, 
say 50, for Ig. This would give us 6 = -31, valence of the micelle — 15*5, 
i/k — 13-5 A, and a Stokes* law value of u — 86, The latter would be 
reduced by the endosmotic term of the simple theory to 33. The ob- 
served reduction to 53 is now' probaoly not too much less than that which 
the simple theory predicts. 

Taking, now^, the figures for the NjiQ soluttom wc have A -- 29, and 
u = 40. If Ig is now further reduced to, say, 40, becomes 0*35, valence 
of micelle = 17*5, i/#c 5==^ 5*4 A, and Stokes' law value ol 97. The 
latter would be reduced, according to the simple theory, to so low a 
figure as 19, and it is not, therefore, surprising that the observed value 
of 40 h less than in tlic Nf$o solution despite the increase of Stokes* 
law value consequent on the re-liberation of some of the adherent 
gegenions. 

The least satisfactory feature of these calculations is the low values 
of Ig which have to be assumed in order to avoid an improbably small 
value of the atmosphere reduction of micelle mobility. Until we have 
a satisfactory theoretical method of estimating the velocities of small 
ions near to large and highly-charged ones, it wrould not be useful to 
discuss the ways in which this difficulty could be avoided, except to 
mention that the assumption of a still larger micelle (which would have 
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to be ellipsoidal) is one of them. As Henry ** has pointed out, a correc- 
tion to the Stokes’ law equation should be made for large particles which 
are internally non-conducting : for sufficiently large particles, this 
correction replaces the 6 in the denominator of the Stokes* expression 
for velocity by 4 : this is in the right direction to reduce our difficulty, 
but it does not seem probable from Henry’s calculations that our 
micelles are sufficiently large for the correction to be important. 

It is hoped that, when accurate thermodynamic data are available 
for the dilute solutions, the size of the micelle may be more definitely 
estimated. Since the micelles will exert but little osmotic effect, the 
osmotic pressure, freezing-point depression, etc., will be due mainly to 
the free gegenions. There will, of course, be a considerable influence of 
ionic atmospheres which, however, can probably be more confidently 
estimated than the influence on the mobilities. If the osmotic co- 
efficient, due to atmosphere effects, is then the observed van’t Hoff 
factor, I, will l>c equal approximately to gO. It is of interest to note that 
McBain, Laing and Titlcy ^ found the value of f, at C., in the most 
dilute solutions of potassium oleate which they investigated, namely 
0*2 to be 0*32. This is quite comparable with the v'alue w'hich we 
found probable for 9 at o-i*V, in the case of cctyltrimethylammonium 
bromide. Work on other salts is in progress, and we hope to obtain 
more definite information also from comparison of the behaviour of salts 
having gegenions of different mobility and valence. 

Unally, we may refer to the <]uestion of whether there is any conclusive 
evidence for the existence of more than one type of micelle. The funda- 
mental argument by which .McBain concluded that two types must be 
present, rested on the comparison of conductivity, transport and freezing- 
point data. It may be very conveniently expressed in terms of the 
general equations derived above. If we assume, as McBain did, that 
atmo.sphere effects are negligible, we can .substitute i for 6 in equation 
(14), and take /„ to have its value at infinite dilution. We may then 
calculate the value of Taking value.s obtained directly, or by inter- 
polation, from the work of McBain and collaborators, ^ we have, for 
potassium oleatc at 0‘2-V, A — 33*3. T ™ 078 (both at 18® C.) and i 
— 0*32 (at o’* C.i, whence x be ~ 1*5. At 0*5iV, A = 37*0, 

T'oi - 070 (at 16^ C.) and t ™ 0-32 (at o® C.), whence x nitist be 2-3. 
If we have x values really as high as these, the / and 0 values of the 
various micelles present must be symbatic, and the variations must ’)e so 
great that they could only be accounted for by micelles of fundamentally 
different types existing together, “ ionic micelles ” having high I and B 
values, and ‘* neutral colloid,*' having very low values of / and 9 , Several 
factors, howTver, make the argument inconclusive. In the first place, 
there is a di.scrcpancy in temperature between the measurements, i is 
known to increase with temperature,** and, if it is only 10 per cent, 
higher at I S’* C. than at o’* C., the values of x become l*i and 1*8, so 
sensitive are they to the value of t. In the second place, the atmosphere 
effects must be considered. We should replace 9 in (14) by ifg rather 
than 1, and assign to /, a much lower value than that at infinite dilution. 
If we took the latter to be 40 for o*2N and 30 for o*$N in place of the 
infinite dilution value of 65, we should increase considerably the values 
of X, but it would only be necessary for the values of g to be 0*71 and 
0*51 respectively for x to be reduced to 1*05, a \^lue w’hich it could have 

•• Henry. Proc. Hoy. Soc,. I 93 t* * 33 A ro6. 

28 ♦ 
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if only one type of micelle were present. Such values of g arc by no 
means inconceivable. If we apply the extended formula of Debye and 
HOckel,*® 

I — g i— — Hog^fi + xo) — N *^“1 * (*5) 

^ ^ ^ ^ 2(l + #cn) 2 J ' 

where is the total number of charged particles per c.c., to evaluate g 
for the case of a i-20 valent electrolyte having an “ a value of 20 A, we 
obtain the values of 0*68 and 077 for 0‘liV and 0*25iV solutions, these 
concentrations being taken because they will be nearer to the effective 
concentration of the soap solution, which is the stoichiometric concentra- 
tion multiplied by 0 . In an attempt to estimate more correct values for 
the various coefficients than the simple Dcbye-Hiickel theory is likely to 
give, one of us (G. S. H.)* came to the conclusion that the correct values 
for g are probably higher than those given by equation (15). His calcu- 
lations, however, w^erc not made for higher concentrations than iV/ioo, 
and it would, indeed, be quite worthless to attempt at present any com- 
putations for concentrations as high as those for which data are at 
present available. It is well to appreciate how concentrated these 
solutions are : the micelles carr>nng the enormous charge of perhaps 30, 
are about 40 A in diameter and their mean distance apart, centre to 
centre, is only about 58 A in the solution. The application of the 
Debye-Hiickel theorv' to such a system can only at present leave us with 
enormous uncertainty. These calculations have been introduced here 
chiefly to show how vcr>’ much more seriously than is sometimes realised • 
the considerations of “ atmosphere effects can influence the quanti- 
tative arguments, and to show that the simple picture of these solutions 
derived from consideration of the causes underlying their peculiar 
behaviour is probably quite adequate to explain all the me.tsured 
properties. If any evidence is to be conclusive on this question of the 
existence of more than one type of colloidal particle, it must depend 
on properties uninfluenced by coulomb forces. It is hoped in the near 
future to present results of measurements of some such properties. 

•• See Falkenhagen, ElektrolyU, 253 (Leipzig, 1932). 

• McBain has frequently expressed the opinion that, since the charges 

on the surface of the micelle are far apart (tne mean dwtance apart of thirty free 
charges on a micelle of radius 20 A is aN>ut 13 A, which is rather greater than the 
mean distance apart of like ions in a 0-75/9 solution of a uni-uni-valent electrolyte) 
the charge of the micelle is not a concentrated one, and the atmospliere effects, 
therefore, likely to be little greater than in a simple electrolyte. This argument 
has not been supported by any detailed considerations. As far as the atmos- 
phere of the micelle as a whole is concerned, the charge, since it will be uniformly 
distributed, can be considered to behave as though concentrated at the centre. 
The .size of the micelle is then fully allowed for by considering the atmosphere to 
extend inwards only up to a shell 20 A away from this centre : it is true that the 
field of force here is no greater than near some simple ions, but it is muck more 
extensive, both radially and tangentially, and detail^ considerations • show that 
this leads to the existence of enormously greater atmosphere effects. Now' it is 
true that, near the micelle, the atmosphere will be localised around the individual 
ions in the surface, but the effect of tdiis will be added to that of the micelle as a 
whole . The effect of the cen fare of the miceUe having a very low' dielectric constant 
can again only increase the effects above what is predicted assuming only the 
dielectric constant of water to be relevant. 

••McBain, /. Amer, Chem. Soc., 1928, go, 1636. 
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Summary. 

1. Measurements have been made of the equivalent conductivity and 
transport numbers of two salts with parafhn*chain cations, containing 16 C 
atoms in the chain with the cationic group at the end. The results of a 
few measurements on cetane sulphonic acid are also recorded, and data 
collected from the literature on soaps are given for comparison. 

2. The transport number of the paraffin-chain radical rises very rapidly 
with increase of concentration in the range, commencing abruptly at about 
N/iooo, where the total equivalent conductivity falls, and attains values 
considerably greater than unity. In the first part of tffiis range the rise of 
transport number is so great that the equivalent conductivity of the 
paraffin-chain radical rises above its value at infinite dilution, a fact which 
provides conclusive evidence of the formation in this range of mobile 
micelles — aggregates of paraffin-chain ions. 

3. That a /a// of total equivalent conductivity occurs when the micelles 
form is due to their great depressant effect on the mobility of the bromide 
ions, by causing some of these to adhere to them and exercising a braking 
influence on the others. The mean mobility of the bromide ions as a whole 
is negative over a considerable range of concentration. 

4. The equivalent conductivity of the paraffin-chain radical reaches a 
maximum before the total etjuivalent conductivity has ceased its steep 
fall, and continues to fall while the latter is almost constant. In other 
paraffin-chain salts in which the total equivalent conductivity rises again 
in the moderately concentrated solutions, that of the paraffin-chain radical 
also falls. The rise oi the total equivalent conductivity cannot, therefore, 
be due, as it has been thought to be, directly to replacement of less mobile 
simple ions by more mobile micehes. It is almost certainly due to the 
micelles, which have already been formed in much lower concentrations, 
rt?-liberating some of their attached gegenions. It dtxfs not seem necessary 
to assume the existence td more than one type of micelle. 

5. Owing to the uncertainty of coulomb force effects of the Debye- 
Hiickel type, it is not ]^H>s.sible at present to draw any definite conclusions 
about the size of the micelles, except between limits so wide as to be 
hardly worth discussion, but roughly spherical micelles of about 20 A 
radius, and containing al)out 50 j^raffin-chain ions, whose existence is 
suggested by consideration of the forces operating in micelle formation, 
could not unreastinably explain the measured properties of the solutions. 

One of us (B. i\) took part in this research at the suggestion of Dr. 
Conmar Kobinson, and his contribution was made during the tenure of 
a Yuill scholarsliip of the University of Aberdeen, to whom our thanks 
are due. We arc indebted to Dr. Robinson for the great interest he has 
taken in this work. Some of the work of C. S. S. was done during the 
tenure of a grant from the Department of Scientific and Industrial 
Research, fur which we should also like to express thanks. 

The Sir William Ramsay Ijtboratories 
of Inorganic and Physical Chemistry, 

Vniversiiy College, 

London, 



PROPERTIES OF ILLUMINATED IODINE SOLU- 
TIONS- PART IL— THE NEGATIVE ABSORP- 
TION EFFECT IN BENZENE AND OTHER 
SOLVENTS. 

By E. Rabinowitch and W. C. Wood. 

Received 21 si February^ 1936. 

In a previous paper ^ we described the reversible decrease in tlie ex- 
tinction-coefficient of illuminated iodine solutions in carbon tetrachloride 
and hexane caused by intense illumination and showed that this effect 
can be quantiativcly accounted for by assuming a shifting of the equili- 
brium between I, molecules and I atoms» due to light absorption. We 
showed that in a number of solutions, including those of iodine in 
CHjOH, and HjO, and probably also that of bromine in CCI4, the effect 
has an opposite sign — the extinction-coefficient increases by illumination. 
We now describe some quantitative experiments made with benxene, 
and try to find an adequate explanation of the results obtained. The 
experimental arrangement was the same as that described in our previous 
communication. 


Experimental Results. 

Fig. I shows a set of measurements, made with a solution containing 
4*0 X 10 -• gram molecules I, per litre of benzene. The ordinates are 
readings of the galvanometer, indicating the intensity of the light jiaAsing 
the absorption-cell filled with the solution ; points indicate that the cell 



was kept in the dark, circles that it w^as uniformly illuminated by a i5 amps, 
carbon arc. The transmission is seen to be mailer during the illumination. 
The negative effect in C,Hg is about five times greater than the positive 
effect in carbon tetrachloride under the same conditions of concentration 
and light intensity (cf. Fig. a in F^per I.). At the highest light intensities 
used (5 X 10^* quanta absorbed per second in t c.c. of solution) the relative 

* Trans. Faraday Soc., 1936, 547. 
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change in the extinction-coefficient of the illuminated solution was of the 
order of 0*05 per cent, 

(a) Dependence of the Effect on Light Intensity .—Table I. shows 
the raults obtained « at constant I, concentrations, by variation of the 
intensity L of the illumination. A comparison of the last two columns 
of Table I, shows clearly that the negative effect is proportional to the square 
root of the light intensity — a rule which was found to hold in the case of the 
positive effect as well. 


TABLE I. 


Exp. 

£{ lt ) y ift* 
moa./l. 

1 

J/. 

At 

L ‘ 

At 

1 

J06 j 

VO 

44 

- 227 

0*52 

3-42 



27 j 

— l8-6 

1 ot)3 

3 - 5 « 


i 

I * 7*5 I 

— It »-2 

i 003 

3-88 


j 

9*5 i 

- 115 

1-21 

3*74 


K‘0 1 

1 32 i 

- 

0*52 

2*96 


1 

1 * 3*5 ! 

! -i.-i 

083 

3*00 


i 1 

1 i 

1 -- ^-2 

i 

091 

2*73 

I 20 

f j 

! 4*0 

1 

1 

- 32*5 

072 

4*95 



1 i 

1 - ^ 5 -S 

*03 

5 *B> 



M 

i ~ 

1-24 

4*65 


! 

i 9' 5 ? 

1 — > 4 '> 

1*48 

4*57 


i 

! 

; 9*0 

j - li -» 

1*53 

4*00 


(h) Dependence of the Effect upon the Ck>ncentration of Iodine. — 

Since different concentrations mean different values I of the total light 
tranfsmitted by the solution, we have to compare the relative changes of 
transmission SI /I corresponding to a given light intensity L, We use (in 
Table If.) for this purpose the mean values of AI/VL deduced from exp. 
100 in Table 1. The last two columns of Table 11. indicate that the 
negativ'c effect (in common with the positive effect) is proportional with the 
squat r root of the iodine concentration. The dependence of the effect on 
1 , concentration is completely accounted for by the corresponding change 
in absorption, since the number of quanta absorbed is roughly proportional 
to the amcentration, F or a constant number of quanta absorbed the effect 
is independetti of the iodine concentration, 

TABLE 11. 


1 

X io». 1 

i 

Az/v't- 

i . 

} 

; ’■ 

\ 

\ 

St 

St 



4*0 

3 

1 

7*4 

0*12 

025 

8*0 

290 

3*9 

0*09 

» ' 

0*26 


(c) Inffatiict of the Wavo-Leiigtii of the Ulitmliiattfig Light.— £xp^ 
ments were made with the three sets of fflters described in Pipsr 1. which 
properties are given in Table III. The extinction-coefficients for set 2 and, 
especially, set 1 are somewhat higher than in the case of the iodine achi^oa in 
CC4« (470 and 750 instead of 325 and 625) carresponding to the differences 
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in the extinction curves of these two solutions. The results obtained in 
these three spectral regions are given in Table IV. The last column shows 

that* lor the same 


TABLE III. 


Filter-Set. 

Region. 

A*. 


I 

4000-5000 A, 

4700 A. 

470 


4000-5500 A. 

5000 A. 

750 

3 

5000-5800 A, 

5700 A. 

5.50 


TABLE IV. 


A. 

L. 

A/. I 

1 

i 

AiJS.. 

VLt* 

4700 A. 

10 

6*4 

6-4 

5000 A. 

3 ^ 

1 t 6 7 

7 ‘6 

5400 A. 

i 30*5 

134 

7*9 


number of quanta 
absorbed, the effect 
remains unchanged 
throughout the 
spectral region con- 
cerned ; at least 
there is definitely 
no decrease in the 
effect in the long- 
wave length region, 
above the converg- 
ency limit of I* gas 
at 4990 A. This 
was also valid for 
the positive effect. 
If the first stage 
of the prcxreas is 
formation of iodine 
atoms, we must 
admit that the 
quantum yield of 
this dissociation 


A* and f* arc the mean wave-length and the mean process m benrene 
extinction-coefficient of the illuminating light ; A and 7 (tn solution is the same 
Table V.) meaning the ttSLme quantities for tile photo-cell- below and above 

the convergency 
limit. 

(d) The Effect In Different Spectral Reftlons.>-The positive effect is 
due to the disappearance of a part of the Ig molecules, and there is no 
reason to expect a dependence of this effect on the wave-length of the 
light used for the measurement of the extinction-coefficient. The negative 
effect, however, must be due to the formation of some light-absorbing sub- 
stance during illumination ; the exiiitctton curve of this unknowTi sub- 
stance may be very different from that of the original solution. We 
therefore expe^ented with a constant concentration of iodine, and the 
same illuminating light, but different light-filters in the path of the beam 
used for the measurement of the extinction. The results are collected in 
Table V. These measurements although very rough (because of the wide 


TABLE V. 


Filter*. 

A. 

X 

c. 



1. 

A/ 

1 /vi' 

M 

7tva‘ 

Cu{NO,), 

Wratten Xo. 39 

40 oo- 4 Hcx> 

4400 

350 

1 

20*0 

62 

40 

4*95 

1 41 

Cu(NO,), -f 

Jena BO 1 2 

4000-4900 

4500 

400 

1 

251 

7-0 

4 fi 

5*30 

1 3 « 

Wratten No. 75 

480D-5100 

5000 

1100 

tf'2 


45 

»40 

076 

Cu(NO,)^ -f 
Wratten No. 55 

4900-5300 

5200 

Soo 

27*4 

»3 

30 

troo 

0*75 

Wratten No. 61 

5200-5600 

5400 

375 

*5 7 

14* 

3* 

i97 

0*34 

i 
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Spectral regions used) clearly indicate a decrease in the quantity — 7--. 

JiVL 

with increasing wave-length. If the negative effects vrere due to a simple 
increase in concentration of the I, solution (as the positive effect is due to 
a decrease in it), then this quantity must be constant. The result indicates 
therefcne that the absorbing molecules produced by illumination are 
different from those forming the original solution. 

We will call this unlmown substance the ** photo-complex.’* If the 
photo-complexes were formed from a material which does not itself absorb 
visible light (i.e., if the 
negative and positive 
effects were not com- 
bined), then the numbers 
in the penultimate col- 
umn of Table would 
be simply proportional to 
the extinction-coefficients 
of the photo-complex. 

The extinction-curve 
would be that shown in 
Fig. 2. Since it is more 
probable that the photo- 
complex is formed m t/u 
cofit of the original absorb- 
itig substance, the extinc- 
tion-coefficients sho\^'n in 
Fig. 2 must be augmented 
by certain values pro- 
portional to the extinction-coefficients of the original solution.^^ This 
uncertainty cannot, however, change the general shape of the extinction- 
curve showm in Fig. 2. The photo-complex thus differs from the original 
1, solution by its relatively stronger ab^rption on the short wave-length 
side of the absorption-maximum. 

(e) Dependence of the Effect on Benzene Concentration.— Table 
VI. shows the effect as a function of the concentration of benzene in 
carbon tetrachloride as a neutral ” solvent. The ffrst value in the last 
column is very uncertain, because the effect passes through zero near this 
concentration. The last three values indicate that the resulting effect 

TABLE VI. 
ril,', 8 X lO"* moU./l. 




L . 

A/. 

^ 1 
y'L 

M 

0 

4 * 


-r 0 5 

— 

1 

^7 

-f 1-2 

+ 0*23 

(0-14) 

167 

34 

— I’i 

- 017 

0040 

50 

33 

- 6-3 

— I’lO 

005a 

100 

32 

- i6*7 

-i-90 

0*035 


The factor of proportionality depending upmi how many molecuks of tte 
photo-comidex are formed at the ooit of one molecule of the ofiginat sabatance. 
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is a linear function of the composition of the solution. In all probability^ 
the negative effect by itself is simply proportional to the benzene 
concentration. 

(/) Effect In Benxene Vapour. — No negative effect was observed in 
a mixture of iodine-vapour (/> = 0‘i6 mm., corresponding to r = i x lo-^ 
mols. /litre), with benzene vapour (/> — 75 mm., corresponding to 
c ~ 4‘5 X 10 mols. /litre). This concentration is, however, still much 
lower than the smallest benzene concentration at which the negative effect 
was observed in solution (r = 1*5 mols. /I). 

(g) Effects In Other Solvents. — A negative effect of the same order 
of magnitude as in benzene w*as observed in a .saturated icxline solution 
in water and in a solution of iodine in methyl-alcohol. A very small 
negative effect was observed in a bromine solution in carbon tetrachloride, 
but this result remains rather uncertain. 

Discussion. 

The following facts require an explanation : — 

The occurrence of the negative effect. 

Its proportionality with the square root of the light energy absorbed. 

Its independence of the iodine concentration {other than that required 
by the foregoing point). 

Its proportionality with the benzene concentration. 

Tw'o possible explanations are : — 

(1) To assume the dissociaiwn by light of some complexes exi.siing in the 
original soltUion, and formation of free iodine, tht‘ process being re\ er.'^ed 
in the dark. 

( 2 ) To assume the formation of complexes (or increase in the con- 
centration of already existing complexes), which dissociate again in (he 
dark. 

(1) Dissociation of Complexes.— This explanation is suggesu-ti by 
the fact that the negative effect is exhibited by solutions which are known 
to contain solvates (** brown ” and “ red *’ iodine solutions), and not by 
“violet “ solutions in which the greater part, at least, of the iodine is 
in the form of free 1* molecules. It is conceivable that these complexes 
absorb more .strongly in the ultra-violet than in the visible region and 
their destruction may therefore lead to an increase in the extinction co- 
efficients in the visible region. 

The difficulties of this explanation are, however, very great : (aj The 
absorption -curve of the “ photo-complex ** appears, according to Fig. 2, 
to be different from that of “ free ” iodine, {b) The proportionality of 
the effect to the square root of the light intensity can be explained only 
on the assumption that the destruction of the complexes is achieved 
by iodine atoms, eg., by a mechanism of the following kind : — 

A mechani.sm of this kind is not impossible in itself, but the number of 
complexes destroyed during their life-time by iodine atoms must lie 
proportional to the concentration of these complexes, and thus to the 
concentration (or some power of tlie concentration) of the iodine in 
solution, whereas the experiment shows no dependence of the effect on 
the iodine concentration, (c) In order to account for the order of magni* 
tude of the effect, it is necessary to assume the formation of the complexes 
to be a slow process. The assumption that an activation energj- is ncccs^ 
sary^ for the formation of a solvate is, however, very unusual. The Van 
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der Waals forces, which are supposed to account for the formation of 
solvates, are purely attractive and cannot give rise to a potential barrier. 

(2) Formation of Complexes.— The complexes in question can 
involve either iodine-a/(7m5 or molecules. In order to fulfil the square 
root law, the complexes must either be formed with a velocity propor- 
tional to the square root of the light intensity (and dissociate moyio- 
molecularly), or with a velocity proportional to the first power of the 
light intensity (and dissociate ^i-molecularly). 

(a) The simplest conceivable hypothesis is that of a complex . I. 
If the follow^ing mechanism is adopted : — 

I (1 i Iji 4* 1 + I velocity 2 AV 

(2) I + r. 

(3) l ^3 

{ (4) I -t- 1 I3 C4 

then the stationary' concentration of the complex becomes : — 

f3 Y C4 


All the empirical rules are fulfilled, viz. proportionality to vL and 
{C4H4I, independence (d [I3]. This explanation, however, presents 
difficulty in the nf ce»ity of assuming that the complex C3H4 . 1 absorbs 
visible light, which is not absorbed cither by C4H4 or by I atoms alone. 
Since ttto complexes C4H4 . I can be formed at the expense of one mole- 
cule I3, the molecular extinction coefficient of C4H4 . I must be greater 
tliaji half the extinction codficient of Ij in order to account for the occur* 
rente of the negative effect. 

{b) In order to avoid the last-named difficulty, one may think of 
complexes involving I,, ^ ^ comply with the square root 

law these complexes ought either to be formed via iodine atom^, or 
dissociate bimolecularly ; — 

Either : 


Or : 



(li Ij ~f* hr I 4- I 

(2^ 1 4” f ( 4H4I 

(3) < It I 

(4) I f I If 

(5) ^ 


/iir. ( (0 I* 4 - C4H4 4 - If . C3H4 
\ (2) 2(C4Ht. It) ~>2C,H3 + 2l, 


2.V*. 

^4 


Reaction 111 (2) is difficult to justify. (II) is, however, not quite 
improbable. We mav, for example, suppose that an I atom breaks 

one double bond in CiH*, and that a radical | I is formed, w'hich is 

, \/\ 

capable of reacting with a molecule of If. 


\/\ 


I 


+ it 


CY' 

V/\i 


* 4 - L 
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The compound \ | , which would then play the r 61 e of the “ photo- 

\/\, 

complex ” can rcavonably be supposed to be unstable and dissociate into 
C*H, and I, The stationary state, corresponding to the equation 
s>srem (II) IS 

K.H, . . . {b) 

«'ind agrees with all the obscr\'cd relationships, just as in the case of (a)^ 
It IS, of course, possible for the photocomplex to be a ** solvate * 
QHg I,, instead of the molecule ; but it is then difficult to under- 

stand w'hy iodine atoms should be necessary for its formation. 

In any case, since one molecular complex can be formed at the cost 
of one free iodine molecule, the extinction coefficients of the complex m 
the visible region must be greater than those of iodine itself in order to 
account for the negative effect 

(r) The last possibility is that of complexes involving both iodine 
atoms and iodine molecules, eg, 


1 ( ^ ^ I I 



(IV) (2) I + C.H,I,^C,H,l, 



1 (3) 2C,H.I,-^2C,H,I,-^ I, 

<•» 


The stationary state is . 



^ *s 

• 

. (f) 

and the effect must be independent of [C^IVi Any attempt to mtro<iucc 
a dependence on by assuming an equilibrium 


C,H,.I,^C,H,-i-I, 


Simultaneously introduces a dependence on [IJ, which ts contrary* to the 
expenmental results. 

The foregoing discussion shows tiiat it is not easy to find a completely 
sati^actory explanation of the negative effect Hypothesis (an) m- 
vohing C,Hg. I (or corresponding complexes of lodme atoms with other 
solvent molecules) appears to be the more probable of the two ((an) and 
(zb I which are consistent with the relationships deduced from the ex* 
perimental results. 


Sommary. 

Ifxlme solutions m CgH*, CH/>H, and HfO. illuouiuited by the li^ht 
from a 1500 watt carbon arc, show a re\*cnitblc tncrias0 In their extinction 
coefhaent dunng ilium matum Exact measurements of this effect in a 
benzene solution show it to be proportional to the sqmre root of light 
intensity, and independent of locime concentration (for constant number 
of quanta absorbed) In I, solutions in CCl^/CtH^^nuxtures, the effect is 
proportional to the concentration of benzene 

Two explanations are offered for the occurrence of this ** negative " 
effcct--onc assuming a destfuction of complexes (e g., CJti ^ . by light. 



E, RABINOWITCH AND W. C. WOOD 


8^5 


the otho’ the formation of new complexes (e.g., C*H, . I, or C^Ht . I|) during 
OhimiiiAtian. The first appears to be the more plausible, but the second 
i« the only one which rea^y accounts for the above-mentioned experi* 
mental laws. 

We heartily thank Professor F. G. Donnan, F,R,S*, for his hospitality 
and for his kind interest in this work. 

The Sir IVilltam Ramsay laboratories of 
Inorganic and Physical Chemistry^ 

University College, 

London, W.C. i. 


KINETICS OF THE PARA-ORTHO HYDROGEN 
CONVERSION ON CHARCOAL. 

Bv R. BuRSTEIN .\N“D P. KA5KTA^'OW^ 

Received gth Marrh, 1936. 

In a previous communication ' it wa^ shown that hydrogen, adsorbed 
at high temperature on charcoal, decreases the activity of this catalyst 
to the pard'Ortho hydrogen conversion. The velocity constant shows 
a linear fall with .in increase in the amount of the activatedly adsorbed 
hydrogeti. While, however, with an adsorption of 0*2 cx. of hydrogen 
(at 500® C.) the velocity con- 
stant of conversion decreases 
30-40 times at room tempera- 
ture (Fig. i), it decreases only 
three times (Fig. 2 ) at the 
temperature of liquid air. A 
further increase in the amount 
adsorbed at high temperature 
afiectH the rate of conversion 
considerably less. The poison- 
ing curve tn the case of a con- 
version at 300'’ C. is similar 
to that at the temperature of 
liquid air (Fig, 3). To explain 
this phenomenon it may be 
assumed that centres which 
arc not active at room tem- 
perature become active at the 
temperature of liquid air and 
at 300"^ C, 

We shall here call these 
** centres of the second kind/’ as distinguished from those which are active 
at room temperature, which will be termed ** centres of the first kind.” 
The existence of two kinds of active points is also demonstrated by the 
shape of the poisoning curves in Figf i and 3. 

^Bumstem uud Kashtanov, Acta Phy$k. Ckem., U.S^S.R., 1934* 7* 4 ^ 5 1 
ifa$nre, 1934 * 57 »- 



Fig 


(O (kt 0^ 0,4 ojs Ofimrs 

I. — Conversion at 300** K., poisoned at 
773*^ K.. dynamic method. The ordi- 
nates are proportional to the reactimi 
constant iv, the abscissae indicate the 
amount of adsorbed. 
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The half-period of conversion was calculated from the first order rate 
expression. 

Figs. I and 3 show the data obtained in the experiments made by the 
dynamic method. The gas passed from a vessel through the catalyst 
during the time /. The pressure of the gas in the vessel 
containing the charcoal increased from i X lO”* to a (ap- 
proximately 40 mm.). The value of which is propor- 
tional to the velocity constant, was calculated by the follow- 
ing equation — 

a . Pi — Poo 

where Pj, and P^o denote the para. Hg percentage at 
the time t ^ o, t, and / = 00 i.e, in equilibrium. 

Bonhoeffer, Farkasand Kummel,*in measuring the con- 
version of 
hydrogen 
b y the 
d y n a m i c 
ni V t h o d, 
< h o \v V d 
that the 
rate of 
convention 
as a fuitc- 
tion ot the 
The mini- 



Sfitmrs 


Fig. 2,~ 


Conversion at 90"^^ K , adsor|>tion at 773® K. (static method). 
Ordinates — recipnxal of half-time of the reaction 


K,[ 

¥ 

¥ 
<»5|- 


temperature i.s expressed by a parabolic curve, 
mum activity lies at temp<*rature apprr>aching rcKun tem- 
perature, f/j., at temperatures from 90*^ to 300^ K. they 
observed a negative temperature coefficient, and above 
300^ K. a [lositive one. 

In his further work Rummel • measured flic tem]>era- 
ture coefficient by the static rnethocl within the range 
63-106'^ K. and found the temperature vwfficient of this 
reaction to be nearly zero. 

The data obtained by the present writers in course of 
their previous researches showed different values of the 
temperature coefficients for pure and poisoned charco*il. 

To investigate 
this point further, 
wc have carried out 
a series of experi- 
ments with pure 
and poisoned char- 
coals by the static 
method within the 
temperature range 
of 20-90*^ K,, and 
The latter exf^eriments 



Fig. 3,— Conversion at 573® K., adsorption at 373* 
(dynamic method). 


by the dynamic method at 90 and 300® 
were made at atmospheric pressure. 


K. 


*|^nhoetfc^ Parkas and Kununel, Z. physik. 1933, JlB« 

» Rummel, Z, phy^tk. Chemie, A ,, J933. 167, aai . 
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Experimental. 

The experimental work was carried out in the same way as previously. 
The charcoal (5*5 g.) after being exposed to air was outgassed for forty- 
eight hours at 950® C., and during the intervals between experiments again 
outgassed for twelve to fifteen hours. 

The charcoal was then cooled to the tem- 
perature of hydrogen adsorption, and after 
the adsorption of a definite amount of gas 
(at 500" C.) cooled again to the tempera- 
ture at which the conversion was con- 
ducted. The influence of the amount of 
hydrogen, adsorbed at high temperature, 
upon the rate of conversion at 20^" K., 

60 ** K.,* 77*5^* K., and 90° K., was mea- 
sured by the static method. In all of 
these experiments the same amount of 
hy<irogen was taken lf)r conversion ; 
under normal conditions it was equal to 
S cx. j)er gram of charcoal, and the pres- 
sure after complete adsorption did not 
exceed 2 mm. 

To obtain a better cooling the vessel 
containing the catalv^t was dt'signed a> 
shown in I'lg. 4. In this vessel Ix^tter 
cooling is ohtaine<l than in those previ- 
ously used, 

In the extx^riments conducted by the 
dynamic method the hydrogen was passed 
through the charcoal at the rate of 25 c c 
per minute An hour after the beginning 4 - 

of the ex|H*riment. samples were taken for 

the measurement of the concentration. Measurements were made every 
fifte<*n minutes. In the exjKTiments at room temperature and — 80® C., 
the hydrogen, l>cfore reaching the vessel containing the catalyst, was passed 
through a chares >al*tille<l tiiU? which wa.s immersed in liquid air. In this 

tube a mixture 






iO ^ ^ 

Fio. 5 ---Conversion within the range of 20^-90'" K. Abscissae 
— amount of H, adsorbed in c.c./g. (static method). 


of 47 per cent, 
of para hydro- 
gen was ob- 
tained. 

The experi- 
ments con- 
ducted by the 
static method 
showed that 
the velocity 
constant of the 
ortho-para - con- 
version in- 
creased with 
temperature* 
the activity of 
the centres, 
both of the first 
and the second 
kind, increas- 


ing. 


♦ The temperature of 60"" K. was reached by pumping out pure liquid oxygen 
to 5 mm. 
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As seen from Table I. (Fig. 5). the activity of the centres of the first 
and second kinds are equally influenced by temperature. 

Thus, within the range of 60-77*5® K., the velocity constant on 
pure charcoal, i.e., when centres of the first l^d are present, increases 

about twice ; in the case of 


TABLE 1 . 


Temperature 

®K. 

Hvdrosen 
Absorbed at 500* 
C. in c.c.;g. 

in Seconds 

A'(x io-«). 

20*4 

0*0 

2000 

1-16 


00 

2200 

1-30 


023 

25CK» 

1*21 


2*51 

57 CH> 

0*53 

60 

I 

0*0 1 

405 

O-I 


0-200 

lobo 

2-8 

77 5 

0*0 

250 

11-8 


0*23 

5-"o 

5 * 7 « 


2-5X 

1470 

2*00 

go-o 

0*0 ; 

1 

1 

I So 1 

i 

I 0-.8 


poisoned charcoal (0*2 c.c. 
H./gr.), the conversion takes 
place only on centres of the 
second kind and the constant 
also increases twice. 

The apparent energy of 
activation of this reaction 
in the range of 60-90® K. is 
about 350 calories for the 
active points of both the 
first and second kind. 

In the experiments at 
20® K. (Fig. 5) only centres 
of the second kind are ob- 
served. This fact may be 
possibly explained by a con- 
densation of hydrogen at the 
most active spots of the first 
kind, the latter thus ceasing 
to take part in the conver- 


sion. 

The results obtained by the present writers difler from those of Rummel, 
who has found the temperature coefficient of this reaction to be almost 
zero, w'hile in the abc»ve experiments a positive, though small, temperature 
cocflicient w'aa obserxed 


both for the pure and for 
the poisoned charcoal 
(Fig. 6). 

The experiments con- 
ducted by the dynamic 
method within the range 
of 90-5 73^^ K. have shown 
that the rate constant 
of this reaction on 
thoroughly degassed 
charcoal increases with 
temperature. Through- 
out this whole tempera- 
ture range a positive 
temperature coefficient is 
observed 

On the other hand, 
in the case of a poisoned 
charcoal within the tem- 
perature range of <x>** 
300® K., the pata-oriho- 
conversion has a negative 
temperature coefficient, 
and within the range of 
3 <>o* 573® K,, a positive 
one. 

Fig. 7 and Table II. 



Fio. Increase of constant witli temperature 
(sutic method). 1. Pure charcoal. 11 . Poia* 
oned charcoal. 


give data expressing the relation between the rate conatant and the tem- 
perature for pure (I.) and poisoned (U.) chartoal. 

As it is very difficult to investigate the conversion at atmospheric pres- 



R. BURSTEIN AND P, KASHTANOW 


sure aad at 573* because the reaction is self-poisoned by the activated 
adsorption, the conversion was observed at 40 mm. Hg. The data ob- 
tained show that the velocity constant increases i*5*fold in the tem- 
perature range 293“573^ K. on pure charcoal, and 5-fold on the poisoned 
charcoal The 

values in Table II. yT | ^ 

were calculated " ' \ 

from these data. * "" 

With pure char- 
coal the apparent h _ 

energy of activa- ^ 

tion calculated 
from experiments r 

conducted by the ^ I 

static method is. of 
the same order as ^ 

that calculated ^ 4 

from experiments 
made by the dvma- 

mic method. In a 

the latter case the \ ^ 

energy of activa- 

tion throughout ^ : } 7"""^ < 

the whole tempera. ^ aqq <iqq roo iiOQ 500 T' 
ture range (90-573'' • 

K.) varies from 130 7 I>ef'cndance of constant on temperature (dynamic 

to 409 calories. mt'thtd). 1 . Pure charcoal. II. Poisoned charcoal. 

We can obtain 

a better agreement liotwi^n the values of the activation energy for active 
points of tiic first kind, calculated from the exp^'timents using the dynamic 
and static method, if we subtract from the reliction constant of pure char- 
coal the reaction constant corresjvinding to the ^>oint.s of second ]^nd. The 
energy of activation calculated m that way vanes throughout the tempera- 
ture range 90-573'’ K. from 


Tismoffatlure 


TAHLK n 


I Amount €4 
: ul t , in cc. g. 


I^ire charcoal 


185 

293 ! 3*3<^ Generally speaking, the 

373 j (calcul.) 4 -oa constant calculated from 

l>„i*>ncd charcoal. obtained by the 

Static method may diner con* 
90 0*45 t-23 siderably from that obtained 

*93 0*4* f ^'5* by the dvmamic method. ,\11 

0 V 7 ! (calcul.) o 81 tbf experiments made by the 

i static method refer to a de- 

. finite concentration of gas in 

the surface layer, while these conducted by the dynamic method refer 
to a definite pressure. 

The relation between the two values obuined for energy of activation 
can be explained as follows : The adsorption of hydrogen at room tem- 
perature is aiteady sufficient to covci the centres of the first kind, so 


400 to 210. whereas the static 
method gives 350 cal. in the 
range 60-90° K. 

For the centres of second 
kind we find from the dynamic 
experiments — 1300 cal. in the 
range 195 -^ 95 ^" ^ against 
350 cal. given by the static 
method of low temperature. 


I^>i9(>ned t harcual. 


*•23 

051 
o-ic> 
(calcul.) 0*81 
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that the increase of adsorption with a fall of temperature docs not affect 
the rate of the reaction. In this case the results obtained by the dynamic 
method become comparable with those obtained by the static method. 
The course of cur\"e I. (Fig. 7) shows that throughout the whole tem- 
perature range studied the mechanism of the conversion is the same. 

To explain the results obtained with active points of the second kind 
we have to suppose that, in this case, the concentration of hydrogen in 
the reaction space changes with temperature. As the heat of activation 
is much smaller than the heat of adsorption this accounts for the negative 
temperature coefficient. The data obtained by the present writers for 
poisoned charcoal are in agreement with those of Bonhoeffer. 

The heat of adsorption being 1600 cal. and the apparent heat of 
activation —I300cal., we can calculate the true energy^ of activation which 
is 300 cal. This result is in good agreement with the data obtained by 
the static method, and with the value of the energy' of activation on points 
of the first kind. 

These considerations are correct if the reaction on the paints of second 
kind is of the first order. 

It is yet not quite clear whether the po.sitive coefficient observed in 
the temperature range 3cx:)- 5 73'’ may be connected witli a new mechanism, 
as was supposed in similar cases by Bonhoeffer. 


Summary. 

On the surface of charcoal there arc active centrtrs of two kinds. 

Experiments conducted by the static method have shown that the 
oriko-para hydrogen conversion on charcoal within the tem|x*rature range 
of K. has a positive tcm|yerature coefficient- W ith a rise of tem* 

perature the activity of the centres of both the first and the sectmd kind 
increases. 

At 20^ K, the centres of the first kind cease to be active. The ap- 
parent energy of activation of the (^ihu-pata-conxxr^ion within the range 
ot 20-90'' K. is 350 calorics. 

Experiments carried out by the dynamic method with pure charcoal 
have shown that within the temperature range of 90-573^ K. a positive 
temperature coefficient is observed. In similar experiments with poisoned 
charcoal within the range of 90-300'' K. a negative temperature coefficient 
is observed, while within the range of 300-573'' K , the coefficient is |X).sitive. 

The study of the kinetics of the para-ortho hydrogen conversion on 
charcoal is being continued by the authors. 

We are indebted to Professor A. N. Frumkin for the interest he has 
shown to this work, and to Professor L. V. Slmbnikov who has afforded 
us the possibility of conducting experiments with liquid hydrogen at his 
laboratory in the Physico-Technical Institute. 

Section of Surface Pheftamena, 

The Karpov Physico-Chemical Institute^ 

Moscow. 

Laboratory of Lou? Temperatures^ 

The Physico-Technical Institute ^ 

Kharkov, 
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OF BENZENE. 
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The oxidation of benzene in silica or porcelain bulbs was found by 
Fort and Hinshelwood Mo be a homogeneous reaction in which relatively 
short chains played a part, and where the change was favoured by a 
high concentration of hydrocarbon. Xewitt and Burgoyne * also showed 
that the non-catalytic oxidation of benzene under pressures of about 
50 atm. at 280® and upw ards was retarded by increased surface. In view 
of the fact that ethyl nitrate is known to have a marked effect on the 
spontaneous ignition temperature of aromatic hydrocarbons, and is of 
the type recognised by lH:>i)ciohde and Egerton as pro-knocks, it appeared 
to Ik; of interest to s .udy the slow combustion of benzene in the presence 
of this catalyst. 

The results 
which are now ^ 

described are to O ^ 

be regarded as 

a survey of ^ ^ 

the condition.s y t r p ? ? j j 1 ,1 j t .. 

winch exist in ^ 

the presence of m 

a vapour- phase 

catalyst, n^n \1 


Experimental 

Method. 


A • leoctiop bulb 

U _, 8 ■ furnoct. 

i 1 C - filling bulb 

' K D ■ fo tl/acjufiori 

|l f - manomtl*!. 

i ■' 

yjo c.c. cajiac- * — ' ^ ji 

ity. aa shown in 

Fig. 1. hcattfd i. 

fura^r M^TconnccttHl to a source ol purified oxygen and to an evacuation 
system and manometer. .\ small bulb C. of about i c.c. capacity, was 
for admission of liquid benaene (anal>’tical r^ent quality) containing 
the desired amount of ethyl nitrate. The capiUap’ conniptions a.nd the 
mancmieter tube were heated to about 6o«-65“ by fine reps^ce wres up 
to the mercury level, in order to prevent condenmtion of liq^ behrene. 
The change in total volume due to altemtion in the manome^ 

*0*^1 thAt it was neglected, and the system was regarded as one of 
constant volume. The course of the reaction u-as followed by deb^im^ 
the increase in pressure, and by subsequent analysis of the ga^us 
Typical curves are shown in Fig. 6 , where it is dear that no mduction 


« Pm. Pw. Sof . A. i93‘>. *>*• 
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period was observed in any case. Newitt and Bnrgoyne • also found that 
no induction period appeared in the slow oxidation of benxene under 
pressure. 



Fig, a. 

Initial pressure. O20 min. Temperature. 433’ 

EtNO, 0*1 per cent on initial pressure. 



Fto. 3 

Ratio : 0 , «« I ; I, Temperature* 433*. 

EtNOf per cent, of tntttal preiMiare. 


A standardised pnxedure was adopted in order to clean tlie bulb at the 
end of each experiment* so that the surface was in a mrailar eotiditioii 
before a new determination was carried out. The bulb was exhaust to 
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lo"** cm. at 450'’ or at any higher temperature which was investigated. 
The benxene in bulb C was then admitt^ to the reaction vessel, and the 
desired amount of oxygen, prepared from potassium permanganate and 
stored over 50 per cent, calcium chloride solution, was allowed to enter. 


Per cent 


Results Obtained. 

(a) Ratio of Beasene to Oxygen. — Experiments at 433® with an 
initial total pressure of 620 mm. and 0*62 mm. of ethyl nitrate (o-i per cent, 
of initial pressure) were carried out to determine the effect of changes in 
the relative con- 
centrations of ben- 
zene and oxygen. 

These are sum- 
marised in Fig 2, 
where the time of 
half-change is st^eii 
to depend. directly 
on the ratio 

(b) Pressure. 

In Fig. 3, the in- 
fluence of pressure 
is sbow-n for an 
equimolecular mix- 
ture of l^enzene and 
oxygen at 433 , 
with ethyl nitrate 
espial to 0*1 |ier 
cent of the total 
pressure It will 
be seen that the 
reaction is approx i 
mately one of the 
third order, but 
probably of an 
even higher order 
at low pressures 

(c) Tempera* 
ture. — The varia- 
tion in the time of 
half -change with 
temperature is 
shoarti in Fig 5. 
for a mixture of 

t iO,. and 
ethyl nitrate o i 
per cent, of the 
total initial pres- 
sure of 6*0 mm. 

(d) Coiicmtrstiofi of Ethyl Nitrate.— It was found that with a 

mixture at 433^. with initial pressure 620 mm., the time of 
hatf-ctiange %^rie<l inversely as the concentration of ethyl nitrate. This is 
shown in Fig 4. from which it wths to be expected that the reaction with 
0*35 or more of ethyl nitrate would be so rapid that the mixture 

would exffl^e This was found to l:>e the case with both 0 35 and 0 4 per 

cent, concentrations . . ^ 

(e> E fftet of Surface. — Comparative experiments with the empty 
bulb and with a similar bulb containing Pyrex glass tubes which gave a 



fo Jk) 

Time of half-change, minutes. 

F'ig. 4. 


Temperature, 435 
Pressure. 620 mm 
KatH> 


initial. 
X ; 2. 
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surface approximately ten times as great wer6 done at 430" and 435* with 
benzene : oxygen = 1:2 and ethyl nitrate o-i per cent, of an initi^ total 
pressure of 620 mm. It will be seen from Fig. 6 that considerable retarda- 
tion occurs which is slightly more pronounced at the lower temperature. 
It was also observed that slight decomposition of benzene which contained 
no ethyl nitrate took place in the pack^ bulb although it was not detected 
in the empty bulb, 

(f) Effect of Tetra-Ethyl Lead. — The effect of simultaneous presence 



Time of half-change, minutes. 


of ethyl nitrate and tetrar 
ethyl lead is illustrated 
by Fig. 7, where it is 
clear that the oxidation is 
greatly suppressed by the 
addition of the knock in- 
hibitor. 

Composition of Reac* 
tion Products. 

It wa.s observed that 
although the increase in 
pressure reached a maxi- 
mum and remained at 
that jxnnt for some time, 
a gradual dt*crease in pres- 
.sure then set in and prt>- 
gressed slowly during very 
long This is prob- 

ably due to |X)lymcrisation 
reactions which lead to the 
fonnation of diphenyl or 
diphenyl oxide, and a 
crystaUinv dejXMit was, in 
fact, observed on the walls 
of the bull) when cold. 
By washing the vessel with 
alcohol and diluting the 
washings with water, a 
solid was extracted and 
after rccrystallisation it 
melted at 71 The resi- 
due had the cliaractcristic 
odour of diphenyl oxide, 
but there was no indica- 
tion that phenol or di- 
phenyleijc oxide were also 
present. 


Fig. 5. 

C.H, : O, I : 2. 

EtNO, 0*1 per cent, of initial pressure. 
Initial pressure, 620 mm. 


Gas samples were with- 
drawn from the hot bulb 
liy way of a l^-tubc cooled 
in m\Ui carbon dioxide 


mixed with acetone ; this 
retained any unchanged benzene or condensible products. The cirmposition 
of the permanent gas is shown in Tables I. and 11 . for a variety of condtriona. 
The v^ying content of nitrogen is accounted for by the small volume of 
air which was unavoidably present when bulb C was not completely filled 
with benzene. 
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TABLE I. — Gasbous Products prom Oxidation of Bbnzbne. 
(Effect of oxygen concentration at 433®, with 0*1 per cent, ethyl nitrate.) 



CO*. 

0,. 

CO. 

N*. 


0, 

309 

2*3 

63-9 

2-9 

+ 4- 

20, 

38*0 

0*9 

58-3 

2*8 

•f 

30. 

427 

4*9 

49-8 

2-6 


4O, 

465 

57 

45-0 

2*8 

— 


(Initial pressure 620 mm., o-i per cent, ethyl nitrate, 20^ : 


At 433* 

380 

0*9 

58-3 

3-2 

450* 

35*3 

0*4 

61 1 

6*5 

462" 

31*9 

0-9 

64-4 

6*2 

470» 

289 

17 

66-3 

4*3 


(At 450®, inittal pressure 620 mm., 20, : iC^Hg.) 


EtNOgO'i percent. 

35*3 

0‘4 

6i*i 

3*2 


EtNO, o - 1 per cent. 
4- PbEt4 0*1 percent. 

43 *b 

2-3 

47‘6 

6*5 


». 0‘33 percent. 

35-8 

26*4 

31 6 

6*2 


(620 mm. pressure, 

, 0*1 per cent, ethyl nitrate.) 


Packed bulb 430® 

25-8 

3**5 

38-0 

47 

— 

Empty 

Packed .. 435® 

366 

3-9 

567 

2*8 

4 " 

326 

21*0 

4**5 

4*9 

4 - 

Empty 

38*0 

0-9 

58*3 

2-8 

4 “ 


TABLE II. —Gaseous Products from Oxidation of Bbkzbnb. 


(Effect of ethyl nitrate concentration on 2O1 ; iC«H« at 433®.) 


Per C«oC 





Uaut 


KtNO*. 

CO. 

0 » 

CO. s,. 

C,H«, 

Hrdrocarb. CH., 

H,. 

0*07 

43 I 

0 

54-8 i-l 




01 

38-0 

0-9 

583 *-8 

T* 



0*25 

3<^*5 

1-9 

58-5 2-.» 

-r 



0-3 

363 

1-2 

59-7 2 -i> 

4. 4- - 



9*35 

3*9 

I‘l 

31-0 18 

2 2 

1-2 2‘1 

3bl 

0-4 

3*i 

0*4 

50-7 .' S 

x-5 

1-4 2-5 

37*5 


(Effect of total presume : 

I : r mixture at 433".) 





COt. 

0.. 

CO. 

N». 

3»9 

mm. initial 

27‘0 

0*1 

68*2 

47 

480 

M 


304 


637 

3*^ 

620 

,, 


3«>*9 

23 

63*9 

2*9 

800 



31-6 


64*2 

29 


♦ There was aleo a heavy deposit of carbon m these experiments. 


Discussion. 

The general characteristics of the catalysed reaction at 43 o'- 48 o* are 
very similar to those of the uncatalysed reaction at 5O0®-53O*. The 
catalyst acts as a chain initiator and its effect is counteracted by glass 
surface or by lead tetra-ethyl. The chains appear to be relatively short, 
but direct comparison with the itn^atalyst^ reaction is not possible. 
The reaction approximates to one of thM order, but the ethyl nitrate 
ctmcentration affects the rate directly, so that tfw true order is one 



w> 
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lower. The fact that increase in the oxygen concentration leads to a 
decrease in reaction velocity agrees with the data of Fort and Hinshelwood 
on the uncatalysed reaction, and with the conclusions of Ubbelohde.* 
The solid reaction products which have been isolated arc similar to those 



Fig. 6. 


t empty bulb at 435"". C «» packed bulb at 435^. 

' 45o^ D * „ 430*. 

£ as packed bulb without ethyl nitrate. 

Initial pressure, 6ao mm. 

: O, 1 : 2. ethyl nitrate o*i per cent. 


detected by 
Mead and Burk* 
in the thermal 
decomposition 
of benzene. 

The composi’ 
tion of the gase- 
ous products 
shows several 
regular grada- 
tions ; increase 
of oxygen leads 
to a higher 
COyCO ratio, 
while a rise in 
the reaction 
temperature has 
the opposite 
effect. The pre- 
sence of lead 
tetra ethyl, or of 
additional gUtss 
packing in the 
bulb, gives a 
high residual 
concentration of 
oxygen. When 
the concentra- 
tion of ethyl 
nitrate is in- 
creased, the 
ratio of COj/CO 
decreases slowly 
until explosion 
cK’curs. when a 
gas mixture of 
an entirely dif- 
ferent type is 
formed, similar 
to that observed 
by Bone and 
Hill* for the 
explosion of 
ethane. The in- 


fluence of total 


pressure on the composition of the gas is very smaU, and above 4B0 mm. 
is practically negligible. 


» Proc. JRoy, Soc., A, 1935, iga, 354. 
• Proc. Pay. Soc., A, 1930, tap, 434. 


^ Jni, Eng, Ck0m,, 1935, 9 jf aSp. 
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The production of acetylene was observed in several instances, 
particularly with higher concentrations of ethyl nitrate. 

The fact that phenol was not detected under these conditions, 
although it was formed in large yields in the experiments of Newitt and 
Burgoyne, is probably chiefly due to the higher temperatures employed 
in t^ present investigation, but may also be caused by the influence of 
the catalyst on the combustion of any phenol which is formed. 



Temperature, C,H« : O, *• i*a. 

Initial preasure, Oso mm. EtNO, o-i per cent, of initial. 


The Function of the Catalyst. 

Ethyl nitrate conforms to the type of pro-knock anticipated by 
Egertoo and Ubbelohde,* but certain observations on its thermal de- 
compomtion do not supply evidence for the suggested mechanism. It 
was found that ethyl nitrate decomposed in the glass bulb at 435* giving, 
for example, a pressure increase of 106 mm. in 230 minutes from an initial 

* NtOun , 1933, I35t 67. 







836 


REVIEW OF BOOK 


pressure of 269 mm. The reaction products were withdrawn by way of 
a tube cooled in solid carbon dioxide, and contained 


NO 


15-8 

CO, 


10*4 

0, . 


0*5 

Irocarbons 


1*3 

H, , 


10-4 

CO . 


36*8 

CH, 


10*8 

C,H, . 


2*1 

N, . 


II -9 


Acetylene was absent when tested by Schultz’s reagent. Peroxides 
active to TiCl4 were absent, and on the admbsion of air an immediate 
brown coloration due to nitrogen peroxide was produced. This 
resembles the results obtained by Steacie and Shaw ’ for the decomposi- 
tion of ethyl nitrite. 


Fulham Laboratory^ 

The Gas Light and Coke Company, 

V‘ Ckem, Physics, 1934, 435- 
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Lebrbuch der PhjrsIkaUtclieii Cliemie. Vol. V, and Section. By 
K. Jelunek. (Stuttgart, Ferdinand Enke. Pp. 289-576 + 185 figs. 
27 RM.) 

This continuation of the monumental textbook of Dr. Jellinek treats 
mainly with the properties of the atom. It is the most physical of the 
sections that have appeared so far, and has probably been introduced into 
the textbook of physical chemistry because it will form the basis of the 
next section on molecular structure. Among the topics dealt with are 
mass spectroscopy, the scattering of a-particles, atomic spectra, and the 
Bohr and Sommerfeld theories. X-rays and their reflection by crystals, the 
theory of spectra including the Pauli principle, the Periodic Table, radio- 
activity and isotopes, inelastic collisions b^^ween nuclei and vskriova pro- 
jectiles and artificial radioactivity. 

The present section maintains the good features of the earlier volumes 
and is very clearly wTitten \\ith full experimental and mathematical 
details throughout. It is an admirable work of reference if only for the 
facts it contains, but it is more than that, for the facts have been welded 
into a continuous story of very great interest. The section on the nucleus 
is esx>ecially valuable, since the author surveys the whole field in short 
compass, up to the present day. 

The work is excellently printed, and to aid the non-mathematacal 
reader the mathematical and more technical details are presented in small 
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Wheat flour consists essentially of starch, proteins (of which gliadin 
and glutenin form the major part) lipoids and electrolytes. A suspen- 
sion of flour will therefore consist of starch particles upon whose surfaces 
may be adsorbed proteins or lipoids. It is of importance in the colloid 
chemistry of flour to form some estimate of the fractions of the surfaces 
of the particles of starch whicli are covered with protein and with lipoid. 

For the estimation of the distrib>*tion of capillary^ active substances 
over the stirface of a composite colloidal particle, it is necessaiy'^ to 
select some additive surface property, and one of the more convenient 
methods is the measurement of the surface charge density on the particle 
by caiaphoresis. 

Thus, in the case of flour, if Op, cr^, a, be the surface charge densities 
of the protein, lipoid, and starch surfaces respectively, and /,, be the 
fractions of the surface of the starch particle covered with protein and 
with lipoid respectively, then if we assume that the surface charge den- 
sities arc additive, the resultant surface charge density of the flour 
particle is 

/,<T, -f /,«, ■ + <r,(l - /p - /,) . . (l) 


In practice the cataphorelic mobility of particle is proportional to its 
surface charge density, the relation having been shown previously 
(Kemp) ' to be satisfactorily expressed by the equation of Henry.* 


- 


ka 


t; I + ka 


Aka) 


■ (2) 


where denotes the cataphoretic mobility, a the surface charge density, 
1} the coefficient of viscosity of the solution, a the radius of the particle, 
k is proportional to the square root of the ionic strength, and /(An) is 
a function of ka. According to this equation, the variation in mobility 
with particle size is negligible for the purpose of the present experiments 
when ka is greater than too. Thus equation (l) can be written 

(m - M.) =- - M.) fp + (m< — /*.)/< • • ( 3 ) 

where n, yn, yt,, are the mobilities of particles of flour, protein lipoid 
and starch respectively, the particles being of similar size and the ka 
value not being much less than lOO. The values of these mobilities are 
determined by the ionic environment, and hence by measuring the 


’ Kemp, Trans. Faraday Soc., 1935, Jt, 134/, 
•Henry, Proc. Roy. Soc., 1931, 133A« 106. 
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mobilities of the four types of particle in two different ionic environments, 
the values of and /»• can be calculated from the equations : 

= ( m'p fv + if^'i — . . ( 4 ) 

{/x" - U + ^ . (5) 

for the mobilities in the two cases. 

It was therefore necessary to investigate the cataphoretic behaviour 
of proteins, lipoids and starch of flour, and finally of flour itself in suitable 
solutions. In practice the particles employed w’^ere never much less than 
I/A in size and the ionic strength was o-ooi, so that ka was about lOO, 
and the effect of small variations in particle size upon the mobility could 
be neglected. 

By such methods it was found possible to make some estimate of 
the amounts of proteins and of lipoid on the surfaces of the starch par- 
ticles in suspensions of flour. 

1. Experimental. — Measurements of cataphoretic tnobility were made 
with a microcataphoresis apparatus of the Mattson t\q>e. Measurements 
of hydrogen ion activity were made with the quinhydrone and glass 
electrodes. 

2. Glutenin. — Samples of this protein from two sources were in- 
vestigated, one having been prepared in the lalx>ratory of the Research 



Fig. I. — Curve 1 r Glutenin in acetate 0*02 # English sample. 

2 I buffers of constant >o*oi Q American sample, 

3 1 ionic strength. Jo 001, 

4/Gliadin in buffers! 4 After 4 days in 70 per cent. 

< of ionic strength}- alcohol. 

5 1 o-ooi J 5 Untreated. 

Association of British Flour Millers, and the other in the United States 
of America. The variation of mobility with ionic environment was 
determined for silica particles covered with glatenin and no appreciable 
difference between the two samples was noted. The detailed results 
are given graphically as Fig. i. 
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The data regarding the isoelectric point are collected in Table I. The 
effect of excess anionic adsorption is clearly seen, and the isoelectric 
reaction at " infinite dilu- 
tion ” may be taken as TABLE L 

4*90. 

3 . Gliadin. — In a pre- 
vious publication (Kemp 
and Rideal) ■ the isoelectric 
point of gliadin was shown 
to be at Pxi 5*10 in very 
dilute solutions. The 
sample of gliadin used had 
been allowed to stand in 
70 per cent, alcoholic solu- 
tion for some days before 
measurements were made. 

In order to investigate the 
possibility of alcohol-denaturation having occurred, the isoelectric of 
gliadin which had been dissolved in dilute acetic acid was determined. 
I'hc sample of gliadin, which was prepared by the Research Association 
of British Flour Millers, was adsorbed on silica particles for the mobility 
measureraent.s. The results arc .shown in Fig. i, and it will be noted that 
the iscH'lectnc reaction is p^ 6-6o t 0-05 in .solutions of ionic strength o-ooi 
(curve 5). J'his value is in agreement with results of other workers. It 
IS clear that, on standing in alcoholi : solution, denaturation of the gliadin 
c»ccurs, with the disappearance of basic groups. This w*as further cor- 
roborated by a measurement of the iscx^lectric reaction of a sample w'hich 
had Ixen allowed to stand in 70 jxr cent, alcohol for four days, when the 
isoelectric p» had fallen to s-qj t 0*05. The results are expressed ais 
cur\x‘ 4 of Fig, I . 

4 . Natural Protein Mixtures. — The natural protein mixtures were 
isolated from flours by extracting the lipoids with petroleum ether, and 
rcmovijig tlic starch by kneading in a stream of water. 


Solution. 

Ionic Strength 
at Isoelectric 
PB’ 

Isocletric 

Pomt. 

Mixtures of jV/ 10 

0043 

4-50 ± 0*03 

A/50 . 

0-012 

4*78 ± 0-02 

.. Sjioo 

o-oo8 

4*94 2: 0-03 

Nj^oo 

0*0013 

4*90 ± 0-05 

Ionic strength 0 001 . 

0-00 1 

4-90 X 010 

.. ,, 0-01 . 

0-0 1 

4.70 X 0-05 

.. 002 . 

0-02 

4*66 X 0 05 



PH 


Flo. 2. —Natural protein mixtures from Fig. 3. — Natural protein mixture from 
Manitoba flour. English flour in bufler solutions of 

Curve 1, Ionic strength o*ooi. ionic strength 0*001. 

o 2. Ionic stren^ 0*001 after 40 hours x Phosphate buffers. 

in 70 per cent, alcohol. O Acetate buflers. 

3. Ionic strength 0-02. 


» Kemp and Rideal, Pfoc. Roy, Soc,, 1934, 147A, i. 
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The cataphoretic behaviour of the protein mixture from a sample of 
Manitoba flour is shown graphically in Fig. 2. The isoelectric reaction 
is at />H 5*63 ± 0*05 in solutions of ionic strength 0*02 and 6*50 db 0*05 
in an ionic strength of o-ooi. 



Cur%*e I. LijK>ids from Manitoba flour in ionic strength o'oz. # Acetate buflcr. 
2. ,, ,, ». .. .. 0*001, O Fi^osphate 

[] 3. ,, .. English ,, ,, ,, 0*001. buffer. 

In Fig. 2 is also shown the effect of alcohol denaturation on the iso- 
electric pH- Thus, treatment with 70 per cent, alcohol for 40 hours re- 
duces the isoelectric pa to ^*^5 ^ 0*05 (curve 2. Fig. 2). 



Fig. 5, — Gluten from Manitoba flour. 

Curves i, 4. Ionic strength 0*02, # Acetate buffers. 

,, 2. 3. M M 0*001. X Phosphate buffers. 


From the results of sections 2 and 3, it would seem that the protein 
mixture of Manitoba Flour has a larger surface fraction of gliadin than 
of glutenin. In the case of the natural protein mixture from English 
flour, the results are given in Fig. 3, from which it will be seen that the 
mixed protein is isoelectric at p^ 6*16 db 0*04, It would seem from these 
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results that the surface gliadin-glutenin ratio is greater in Manitoba than 
in English flour. 

It will be seen from Figs, i, 2, and 3, that the electrophoretic behaviour 
of the protein mixture obtained by kneading ether-extracted flour is not 



I 1 I i i I 

5 4 5 6 y t 


Fig. 6. — Gluten from English flour in solutions of ionic strength 0 001. 

Curve I. Untreated. K Phosphate bufiers. 

Curve 2. Heated to 90° C. for 6 hours. • Acetate buffers. 

completely explained by the behaviour of the two main constituent pro- 
teins» gliadin and glutenin. The difference may be due to the persistence 
of a lecithin protein complex after ethereal extraction. 



Fig. 7. — Wheat starch in solutions of ionic strength o*ooi. 
• Acetate buffer. 

O Phosphate buffer. 


5* The • Lipoids ai Flour. — The lipoids of flour were extracted with 
petroleum ether* and acetone was added after partial removal of the 
petroleum ether. The acetone solution was mixed with water to give a 
dispersion of lipoids, and the solvents were removed by aeration. The 
results are given in Fig. 4. 

* The term '* lipoids ** denotes here all petroleum-ether soluble substances. 
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6. The Glutens from Flour. — ^The cataphoretic behaviour of gluten 
obtained by kneading Manitoba Flour is expressed in Fig. 5. The iso- 
electric reaction of the gluten is 5*72 ± 0-07 in acetate buffers, and 
/)j, 612 ± 0 05 in phosphate buffers, of ionic strength o»o2, and p^ 6-30 ± 0*07 
in phosphate buffers of ionic strength o*ooi. 

The application of the additive rule to these results, in conjunction 
with those of sections 4 and 5, indicates that the mean value of the surface 
fraction of natural mixed proteins is 0*9. In the case of English flour 
(Fig. 6), the surface fraction of proteins also varies about a mean figure 
of 0*9. The effect of heat denaturation upon the cataphoretic behaviour 
of gluten from English flour was investigated, the results being given in 
Fig. 6. The isoelectric point is changed from 6*44 ± 0 05 to 
Pu 5 92 ± 0*05 by heating to 90° C. for 6 hours, and it is inferred that 
during the process of baking, basic groups of the protein disappear. 

7 . Starch. — ^The cataphoretic behaviour of wheat starch is shown in 
Fig. 7. 

8. Flours. — ^The mean mobilities of the particles of Manitoba and 
English flours were measured in acetate buffers of ionic strength o*oor 
(see Table II.). If we denote by /g the fraction of gluten on the surface 

of the ** average " flour particle, then assum- 
ing an additive law, w^e have 

= /gMo f (i — 

where and denote the mobilities of 

particles of flour, of gluten, and of starch 
respectively. From the results of sections 0 
and 7, the fractions of gluten on the surface 
of particles of Manitoba flour obtained are 
078 at 3 ‘ 9<5 21^^ 0*79 at p^ 4*80, In the 
case of English flour, no results were avail- 
able for the mobility of gluten particles in ace- 
tate solutions of ionic strength o-ooi . However, it was possible to obtain an 
approximate value of the mobility of the gluten from English flour in these 
solutions by combining the results of sections 4, 5 and 6 with the con- 
clusion of section 6 that the surface fraction of mixed proteins in the 
gluten jmrticle from English flour is approximately 0*9. Thus the 
mobility of particles of English gluten could be obtained from the mobilities 
of particles of the natural mixed proteins (section 4) and of the lipoids 
(section 5). This method gave an approximate value of o-8 at p^ 3*9 
for the surface fraction of the particle of English flour covered with gluten 

There is apparently little difference between the surface composition 
of the particles of English and Manitoba flours, the fraction of the surface 
covered with gluten being in each case about 0*8. 

Summary. 

1. A method for the surface analysis of colloidal particles is described. 

2. The cataphoretic behaviour of the follow'ing colloidal constituents 
of wheat flours has been studied : — 

(a) Glutenin. The effect of salt concentration on the isoelectric 

reaction is discussed. 

(b) Gliadin. Alcohol-denaturation is shown to eliminate basic 

groups, shifting the isoelectric point to the acid side. 

(c) Natural protein mixtures from Manitoba and English flours. 

(d) Lipoids from the two flours. 

(e) Gluterw from the twn flours. The effect of baking is to shift 

the isoelectric point to the acid side, showing that basic 

groups are removed. 

(/) Wheat starch. 


TABLE II. 


FJour. 

1 

Mobility. 

Manitoba . 

3*90 

1*20 


4-80 1 

-f- o*6o 

English 

3*86 

-f 0 96 


3.92 

-f 0 92 
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3. The distribution of proteins and lipoids over the surface of particles 
of the flours is discussed. The results indicate that for Manitoba and 
English flours the fraction of the particle surface covered by gluten is about 
0 * 8 . 


The author desires to thank Professor E. K. Rideal, F*R.S., for his 
encouragement and assistance, and the Research Association of British 
Flour Millers for financial assistance in this work and for permission to 
publish the results. He is also indebted to Dr. E. A. Fisher for helpful 
discussions. 

Laboratory of Colloid Science, 

Cambridge, 


SUBSTITUTION AND INVERSION OF CON- 
FIGURATION. 


By K. Bergman.n, M. Polanyi and A. L. Szabo. 

Received 2$th February^ ^ 936 . 

In a previous paper ^ tlie authors communicated experiments on the 
racemisation of optically active methyl butyl and methyl propyl iodo- 
methane by iodine ions, and connected their results with the known data 
on sub.stitution of tlic analogous chlorides by iodine ions. Before pre- 
senting our furtlier experiments * we wish to make clear the previous 
development leading up to our own work. 

Walden inversion was first connected with the spatial mechanism of 
th(? substitution, by A. Werner.* His ideas, which have been further 
develoj’K'd by A. Meisenheimer * may be demonstrated for the case of the 
alkaline hydrolysi.s of mcthylchloride. This is supposed to occur in tw'o 
steps, the first of which is the addition of one molecule of KOH to the 
methyl chloride 

H 

\ 

C— Cl . . . KOH 


linking the potassium atom to the chlorine atom. The formation of this 
compound involves a distortion of the carbon tetrahedron reinforcing the 
positive character of the central carl>on atom, and enabling a second mole- 
cule of KOH to combine through the oxygen atom with the methyl chloride 
molecule 

K H 

\ \ 

O . . . C— Cl . . . KOH 

/ 

H H H 


* if. physih. Chem, (B). 1933^ 

* For a preceding publication of these results see the thesis of one of the 
authors ; A, Szabo, Di&s, Berlin, 1933. 

* Lehrbuch der Stereochemie, Jena, 1904. pp. 14 and 15. 

* Liebig*s Ann,, 19^7. 126. 
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From this complex, methyl alcohol is formed either with the KOH mole- 
cule to the left or w*ith that to the right, inversion occurring in the former, 
not in the latter case. 

Although the theory of Werner and Meisenheimer is certainly incorrect 
in detail and does not allow one to predict the course of any particular 
reaction, it gives an important lead by suggesting a spatially directed 
mechanism of substitution. 

Br. Holmberg ^ (writing a year before Meisenheimer’s paper appeared) 
attempted another detailed picture of spatially directed substitution ; 
we present it in the form given by Wagner- Jauregg.® When colliding 
with a molecule BY, the compound abdCX is supposed to take up the 
alternative series of arrangements (i) or (2) 



Y B 



a — C 



I ^ 

a— C-b + I (I) 

I B 

Y 


b b 



d 

a— i: X 





X 

I 

B 


(i) 


The first process leads to inversion of configuration, while in the latter case 
the original configuration is retained. Whether the former or the latter 
prevails is suppos^ to depend on the ** reaction distance Y — B. The 
predictions b^d on this theory have, as W^agner-Jauregg * remarks, in 
general not been borne out by experiments. 

To the alkali chlorides acting on organic halides Holmberg attributes a 
large ''reaction distance " Y — B between the kation and anion, or alter- 
natively suggests that the anion might act alone with a large "reaction 
distance " E — A, representing the distance between the anion A and its 
negative charge E. This description of the substitution (which fails to 
convey any meaning to us), is used by Holmberg to account for the tendency 
discovered by him for substitution by negative ions to produce inversion of 
configuration. Holmberg does not cla^ that substitution by negative 
ions necessarily leads to inversion of configuration. This is apparent in 
the following formulation which he gives for hU explanation of the race- 
mising effect of halogen ions on halogeno-succinic acids ; 


/-HOOC . CHBr('> . CH,COOH 4* Br<*>~' = 4 <f.HOOC . CHBr<^> . CH,COOH 

-h (I - ^)/-HOOC . CHBr<^> , CH^COOH -f 

where ^ is the fraction of substitution reactions leading to inversion and 
(i — the fraction reacting without configurational change. 

Holmberg's general idea, that racemisation of this type is due to atomic 
interchange reactions, has since been confirmed. The evidence given by 
Holmberg, however, was questioned by Wagner- Jauregg,* who suggested 
that the racemisation of bromo-succinic acid and similar compounds is due 
to enolisation. 

The theoretical situation in 1931 seems to be correctly characterised 
1926, 59, 126. 

® Freudenberg's Stereochemie, Vienna, 1933, P* 9^8. 

* Monat&hefte der Chemie, 1929, 53-54* 791. 
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by Hueckel.^ ‘'Hitherto none of the speculations on the course of a 
substitution at an asymmetric carbon atom is based on experimental 
evidence. None of these speculations give a definite lead to experiments 
to set an aim to further investigation." 

In a paper by N. Meer and one of the authors • it was pointed out that, 
when a substituent of the negative type is exchanged for a negative ion, the 
driving force of the reaction must lie in the interaction of the negative ion 
with the carbon atom to which it becomes attached in the course of the 
reaction ; the effect of the positive ion is restricted to a " salt effect." 
It was further pointed out that the negative ion will necessarily approach 
the carbon atom from the side opposite to the group to be substitute, since 
the electrostatic forces of the dipole attacked by the ion will cause this to 
be a position of minimum energy. In consequence it w^as claimed that 
substitution by negative ions is necessarily connected with configurational 
inversion. 

As evidence for the correctness of these views it has been pointed out 
that substitution by negative ions is accompanied by steric hindrance w^hen 
voluminous substituents are attached to the carbon atom at w'^hich the 
substitution takes place. 

Further strong evidence in favour of the theor>' of Meer and Polanyi 
were given by the present authors. • The kinetic analysis by Olson and 
Long * of the substitution of optically active halogen succinic acids by 
halide ions offers an even more conclusive proof of this theor3\ A direct 
demonstration of its correctnes has recently been given by Hughes, 
Juliusburger, Masterman, Topley and Weiss,'® who showed that atomic 
interchange between radioactive iodine ions and optically active alkyl iodides 
is accompanied by inv'ersion of symmetry. 

General Results. 

The following two conclusions drawn from the theory of substitution 
have been tested or partly tested. I. The racemisation of an optically 
active halide by the corresponding halogen ion should follow the laws 
which are kaiown to obtain in substitutions by halogen ions, the 
velocity constant should be expressed by the Arrhenius equation con- 
taining a temperature, independent factor of about lo^®. 2. The 

magnitude of these constants should quantitatively fit into a pattern 
which includes the analogous substitution reactions (Table I.). In 

TABLE I. 


I iiorganic loo. 


Organic ' * - — ; ; 

' F-. , Cl- ! Br-. I-. 


Fluoride . 

Kac. 

Subst. 

Subst. 

Subst. 

Chloride . 

Subst. 

Rac. 

Subst. 

Subst, 

Bromide . 

Subst. 

Subst. 

Rac. 

Subst. 

Jodide 

Subst. 

Subst. 

Subst. 

Rac. 


any vertical or horizontal column of this pattern the velocity constants 
should show a monotonous sequence, so that it should be possible to 
calculate the rates of racemisation by interpolating or extrapolating from 


’ Theontische Grundlagen dif oreanischen Ckemk, Leipzig. 1931. p. a88. 
» N. Meer and M, Polanyi, Z, physik, Ckem,^ i9j«, 164, 

* J. Anuff. Ckcm. Soc., 1034» **94* 

jr. Ckem. Soc., 1935. 

29 ♦ 
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the rates of substitution. Monotonous sequence should also be found 
along the diagonals of the table, and along lines parallel to these. 
k The main difficulty in 

following the sequences set 
out in the above table for 
any single compound is 
that the range of velocities 
is too w'ide. In conse* 
quence one has to change 
over from one radical to 
another and to calculate 
the missing data by re- 
lating the values which 
could be determined for 
both cases. In view of 
the uncertainties involved 
in the use of compounds 
where enolisation is pos- 
sible we chose for our in- 
vestigation pure secondary 
alkyd halides, namely, 
methyl - butyl, methyl- 
propyl, and methylphcnyl 
halogen ometlianes. 



Fig. I. — Velocity constants of the racemisation 
of methylpropyliodomethane by Xal. 

The results obtained for the reaction between iodomethane and iodine 
ions are summarised in Figs, i and 2, The curv^es represent the bi 
molecular velocity constants 

where a is the observ ed rota- u 
tion, i the time in minutes 
and c the concentration of 
the inorganic halide. 

The factor J is due to the 
substitution of each molecule 
wiping out the optical activ- 
ity of tw'o active molecules. 

The Arrhenius equations 
representing change 
slightly with concentration; 
for 0*1 N concentration of 1~ 
we found 


0,015 


17000 

2JW’ 

iodo- 

17400 
2-3 RT 

for methylpropyl iodo- 
methane. 


log = log iQi®'’ — 

for methylbutyl 
methane, and 

log kf = log 10“*® •— 



0,005 


0 0,1 0,2 04 > 

Fig. 2.— Velocity constants of the racemisation 
of methylbatyliodomethane by NaL 


While the activation energy does not show a definite trend with 
concentration, the values for the collision number decrease with incrcas* 
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ing concentration (as shown by the curvature) owing to the decrease of 
activity of the iodine ions with increasing concentration. The decrease is 
from 10^® * to for methylbutyl- and from to 10^®'® for methyl* 
propyl iodomethane. These values are in satisfactory agreement with 
the collision numbers found in other reactions involving substitutions 
by negative ions,^^ 

Our further results are listed in Table II. From the data for the first 
three reactions, in conjunction with the value of the velocity constant of 

TABLE II. — Substitution Reactions in Anhydrous Acetone. 


1. Methylbutyl-bromomethane 4- NaJ 

2. Methylbutyl-chloromethane -f* NaJ 

3. Methylpropyl-fluoromethane - 4 - NaJ 

4. Me thylj>hcnyl-chlorome thane 4- LiCI 

5. Methylphenyl-clilororticthane -r* KaJ 


1 Tt*rap. 'C. 


*^*inorg. 

1 /3O 

1*3 X IO-* 

03037 

1 150 

7*4 X 10-* 

03005 

i 50 

1*2 X io~* 

0*3042 

j 120 

6*0 X 10-* 

0*3416 

i 50 

5.7 X lo-* 

0036 

! 

1*0 > IO-* 

0193“ 


the corresponding racemisation, a sequence is obtained which corresponds 
to the la.st column of Table I. This sequence is presented for the common 
temperature of 50° C. in Table 111 . In computing these data, a tempera- 


ture coefficient of 2*4 per 10"^ (as oh- 
ser\‘e<i for reaction 2) was assumed 
for rea(Tion 3. Wc also made the 
obviously justifiable assumption, that 
the value for methylbutyl tluoro- 
methane is the same as that meas- 
ured for metliylpropyl fiuoromethane. 

The reaction velocities form a 
nuuiotonou.s series, thus confirming 
the expectation expressed above. 
There is an increase in the se- 


TABLE III. — Re.action of Methyl- 
butyl Halogenometuane with 
Sodium Iodide (0-3 mol., litre) 
IN Anhydrous Acetone at 50* C. 




ITuoromethane 

1*3 X 10 * 

Chloromethane 

1'2 ^ lO'* 

iiromo methane 

7*4 > io~» 

Iodomethane . 

1*4 X lo-* 


quence F Cl Br — > 1 , as usually 

found in analogous cases. An extrapolation based on the first three 
figures of the .sequence yields a value for the racemisation of the iodide, 
which is in satisfactory’ agreement with the measured one. 

A second shorter sequence included in the data given above is that 
of the reactions of phenylmethyl chloromethane with chloride and iodide 
ions respectively. The considerable increase of reaction rate on passing 
from Ch {A, ^ 57 x to I*“(^j, — l*o x 10~®) is analogous to the 
increase referred to above in the scries of organic halides. 

We have attempted and failed to determine the racemisation velocity 
of methylbutyl chloromethane by chloride ions ; the optically active 
compound showed no decrease in rotation when exposed to the influence 
of 0*036 mol. LiCl at 50® C. for fourteen days. This result can be 
accounted for by the following rough calculation. Assuming that the 
ratio of velocities for the tw’o pairs of reactions (a) phenylmethyl- 
chloromethane + I*" (ro X io~*) and phenylmethyl chloromethane -f 
Cl- (57 X lO**®), and (6) methylbutyl chloromethane + I’' (1*2, i 5 "^) 


Moelwyn-Haghes» CMem, Rn*,, 1932, 10, 242 ; Kifteiirs of Reodions in 
Solution, Oxford. 1933- 

** These figures repr<^nt prclimiiiary measurements and are not very accurate. 
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and methylbutyl chloromethane + Cl~ are the same, the latter reaction 
would have (at 50®) a velocity constant of = 6*8 X I0~’, which at the 
concentration of 0*036 mol. /litre LiCl, as used above, would only lead 
to a measurable decrease of rotation in about one year. 

Olson and Long • have found the following data for the four reactions 
of chlorosuccinic and bromosuccinic acid with Cl” and Br“ (50®, aqueous 
solution, 2 iV-hydrogen ions). 

Chloride ions. Bromide ions. 

Chlorosuccinic acid . 4*8 x io“* 2*0 x 10 

Bromosuccinic acid . i‘0 x lo^* 7*0 x io“* 

The sequence of these figures is analogous to that given above. 


Experimental Part. 


Racemisation Experiments. 

For the racemisations the experimental procedure was exactly as in 
our first paper, i.e., to fill up weighed amounts of organic and inorganic 
halides with anhydrous acetone to 10 c.c. These solutions were filled 
into water jacketed polarimeter tubes, which were kept in thermostats 
and were only removed from there for the short times during which readings 
were being taken. 

Substitution Reactions. 


The substitution reactions were carried through according to the 
method of Conant and co-workers,** Thus the reaction between phenyl 
methyl chloromethane and sodium iodide w'as followed by titrating the 
amount of iodide ions with potassium iodate. By this method both 
iodide ions and free iodine are titrated ; therefore, the iodine set free by 
decomposition of the phenyl methyl iodomethane formed was determined 
separately and accounted for by subtracting an equivalent amount from 
the potassium iodate used. 

The isolation of the products of this reaction was carried through by 
distillation in vacuo. The reaction mixture was filtered, evaporated, the 
residue dissolved in ether, washed with potash solution and water, dried 
and distilled. The first fraction (b.p. 33''/i4 mm.) consisted of stjTene and 
ethylbenzene. The styrene alw^ays prevailed (normally 70 per cent.), 
which may be accounted for according to the considerations of Meinert ** 
and F. O. Rice.** The residue was again dissolved in ether, treated with 
sodium thiosulphate solution and distilled at o*i mm. pressure. The 
first fraction (b.p. 40-45®) always showed a dark brown colour which, 
even after repeated distillations, reappeared. The analysis showed an 
iodine content of 29-2 per cent, (calculated for C|HtI . 54*8 per cent,). 
The next fraction (b.p. 80-110®) show^ed after distillation the b.p. 80-84"" 
at 0 25 mm. and was according to that boiling-point and the analysis 
(Found: C, 904; H, 90. Calculated for CiJitt ; C. 91*4; H, 8*6} 
dimethyl diphenyl ethane in its liquid racemic form.** 

This experiment has also been carried out using optically active phenyl 
methyl chloromethane. But since the racemisation of phenylmethyl 
iodomethane by iodide ions probably occurs some 10,000 times faster than 
the substitution of the corresponding chloride by iodide ions (compare 
Table IIL), one cannot expect to obtain optically active phenyl methyl 
iMomethane. Neither this compound nor the dimethyl diphenyl ethane 
show*ed a marked optical activity. 


Chem. Soc., 1924. 46^ 233 ; 1925, 47, 476. 587. 
tb%d., 1933, 55, 979, 1* X931, S 3 , 1959. 

Compare Ott ; Ber., 1928, 61, 2124. 
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The decomposition of phenylmethyl iodomethane described above is 
analogous to that of triphenyl iodomethane, which splits spontaneously 
into iodine and triphenyl methyl radicals,*’ the difference being that the 
free phenyl methyl radical is unstable and partly disproportionates into 
styrene and ethylbenzene, and partly dimerises into sym. dimethyl diphenyl 
ethane 
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Preparation of Materials. 

The preparation of phenylmethyl chloromethane and anhydrous 
acetone have betm described in our hrst paper. Methylpropyl ffuoro- 
methane is prepared in the following way ; 14 gms. of silver fluoride are 
carefully mixed with 42 g. of quartz sand in a mortar and introduced into 
a reaction flask, stoppered with a rubber stopper with three holes. A 
dropping funnel is placed into one of the holes, while into the tw'o others 
glass tubes are fitted for drawing off the lluoromethane formed and intro- 
ducing nitrogen into the flask. While a slow stream of nitrogen (5-6 
bubbles |Kr min.) passes through the apparatus, 20 g. of methylpropyl 
iodomethane are introduced into the reaction vessel. The reaction occurs 
immediately, the solid phase turning yellow. The current of nitrogen 
takes the fluoromethane into a receiver combined from a U-shaped tube 
heated to 60^ C. and a conden.ser connected with a suction flask cooled to 
— 30®. The U-tul>c serves for removing the unchanged iodomethane from 
the reaction products ; the fluoromethane is condensed in the receiver 
(closed by a calcium chloride tube*) and is purified by repeated distillation. 
B.p. 48-50^/756 mm. (Found : C. 67 0 : H, 12*3, calculated for CjHn F : 
('. 6<r7 : H. 12*2). 

Methylbutyl fluoromethane, prepared in an analogous manner, lias the 
b.p. 6 <i- 72'^/75Q mm. 

Methylbutyl chlonmiethano was prepared according to Levene and 
Mikeska *• ; for the prej>aration of the corresponding brorao derivative 
we used exactly the .same method as was described by j. H. Green,** 

In Tables I. and II. the results of four experiments are given in full ; 
Table III. gives a complete presentation of the graphically averaged 
con.stants of all experiments. The notations used are : — 

a measured rotation. 

A?! first order constant ki = — - — 

reaction constant for the substitution underlying the racemisation, 

^ -a — *1 

f liioft. btlM*. 

t time in minutes. 

Gomberg, Ber,, 1900, 33, 3158. 

** /. Bioi, Ck 0 misfn\ 19 ^ 7 $ 75. 587. 

**/. Am$K Ckem, Soc., 1934, 5 ^* 1167, 
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TABLE I. 



1. 




Experiment 45 . 

0 

— 0*70 

. 


0-5442 g. (0-257 mol. /litre) 

10 

50 

0*0146 


methyl butyl iodomethane 

20 

36 

145 


and 0*4630 g. (0*309 mol,/ 

32 

24 

M 5 


litre) sodium iodide. T = 

45 

15 

148 


303-40' K. 

60 

09 

148 




Average : 

0*0146 

00239 

Experiment 57 . 

0 

- 0*73 




0*4288 g. (0*202 mol. /litre) 

20 

685 

(0-00138) 


methyl butvl iodomethane 

50 

f >45 

107 


and 0*0478 g. (0*032 mol. /litre) 

120 

54 

108 


sodium iodide. T = 295*05® 

200 

45 

105 


K. 

290 

34 1 

114 



400 

^5 1 

116 



540 

175 

114 




Average : 

0*001 15 

o*oi8o 

Experiment 74 . 

0 

— 0*82 




g* (0*219 mol. /litre) 

10 

665 

000910 


methyl propyl iodomethane 

23 

50 

934 


and 0*2398 g. (o*i6o mol./ 

30 

42 

968 


litre) so^um iodide. T = 

40 

35 

924 


303-30° K. 

55 

25 

93 « 



70 

19 

907 



100 

10 

914 



J130 

055 

903 




Average : 

0*0091 1 

0*0285 


TABLE II. 



/. j a~i. j 

**• 

Experiment 1 . 

Metliyl butyl bromomethane 
(0*1521 mol./litre) sodium 
iodide (0*3037 mol./litre) 

T - 303® K. 

1282 

152* 

1815 

2718 

i 

1 

0*2462 

2392 

2371 

2134 

0*0946 

876 

^55 

6i8 

Average : 

1-36 . 10- 
1-36 

lift 

1-33 

1*31 . 10- 
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TABLE III. 


No, of 
Eat per. 

Reaction. 

Temp. 

•K. 

Concentration in 
MolM/Litre of 

* 1 . 

kt 

Organic 

Halide. 

Inorganic 

Halide. 

45 

sec. -f- 

30340 

0*257 

0309 

0*0146 

0-0239 

40 


30330 

•210 

*302 

•0139 

•0230 

47 


,, 

*211 

•260 

*0133 

*0261 

48 

.. 

,, 

•210 

•285 

*0140 

•0247 

40 

.. 

,, 

•285 

• 33 '> 

•0164 

■ 0*44 

50 


,, 

•222 

•193 

•0105 

•0272 

51 


,, 

*230 

•081 

•0057 

•0352 

52 


,, 

*230 

•012 

•00134 

•0358 

53 


,, 

•194 

•047 

*00342 

*0364 

54 


,, 

•205 

•122 

•00770 

•0316 

55 

.. 

2ti5*io 

•242 

•333 

•00798 

•0120 

5 <> 


295*05 

•205 

•239 

•00612 

•0128 

57 


,, 

•202 

*032 

•00II5 

•0180 

5 « 

.. 

M 

*193 

•079 

•002 46 

*0156 

59 


2730 

•187 

•193 

•00051 

•00132 

<>o 

.. 


•184 

•094 

•00024 

•00128 

01 


.. 

•194 

•333 

•000725 

•00109 

iyj , 



•184 

•257 

•00057 

•ooni 

♦»3 

.. ^ *njji Nal 

295 00 

•15 

*179 

•0045 

•0126 

64 



•205 

•258 

*00575 

•01 II 

♦*5 



*5 

•2f>6 

♦00590 

•01 1 1 

<)(> 



• JQO 

•333 

*00737 

•Giro 




•Ifk) 

•100 

*00273 

*0136 

<>H 

.. 


1 '*90 , 

•170 

•00472 j 

*0134 

(y) 

. 

.. 

•M 5 

•042 j 

•00146 ! 

•0174 

70 

.. i 

2730 i 

•205 

•042 

•000123 

•00146 

71 

' 1 


•J 37 i 

*095 i 

*000246 i 

•00129 

72 


303*00 

•20(> i 

•095 i 

•00623 

•0328 

73 

.... i 


•218 

*221 

•0121 j 

*0274 

74 

” " 1 

303 30 

•219 

•lex) 

1 -00911 j 

•0285 

75 

" '* 1 

; 303 00 

1 f 89 

•339 

! *0157 I 

*0231 

70 

1 

! 273 0 

solution of £x. 75 

^ -oooHo 

•00118 

77 


303 00 

•209 

•051 

•00349 j 

*0342 

7 J< 


»• 

•208 

•300 

•0152 

*0253 

79 

i 

' '* 1 

•217 

•019 

•00163 

•0429 

80 


#> 

•228 

*200 

•0135 ; 

•0260 

81 

.. 

,, 

•217 

•291 

•0149 1 

*0256 



,, 

•270 

•339 

•0175 1 

•0258 

«3 


2730 

•214 

•218 

•00049 

*001 1 

84 

.. 

,, 

*223 

•208 

*000564 

•00105 

8(> . 

.. C gH„Cl -i* UCl 

323 

•205 

•031 

no decrease in rotation 

»7 

.. C\H,(CH,)CHC 1 r LiCl 


*305 

•036 

4-x . 10-* 

5-7 • lo"* 

1 

C(H]^Sf “t" Xal 

303 

•152 

•304 


i‘3i . XO-* 

li. 

.» If 

323 

*149 

•300 


0*0074 

in. 

,, C^HigCl -f- Nal 

,, 

•150 

*304 

— 

1*2 . to-* 

IV. 

.. C,H,(CH,)CHa f Nal 

*• 

•093 

*193 


0*0010 
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Summary. 

A kinetic study of the racemisation of methylpropyl iodomethane and 
of methylbutyl iodomethane by iodine ions in coimection with studies of 
related substitution reactions has brought additional evidence for the theory 
of substitution of organic halogen compounds by halogen ions. 

Daniel Sieff Research Institute, Department of Chemistry, 
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AN ELECTRON-DIFFRACTION STUDY OF THE 
STRUCTURE OF ELECTRO - DEPOSITED 
METALS. 
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Received 28/A February, 1936. 

1. Introduction. 

A more or less pronounced tendency for the crystals to orientate in 
accordance with a position of maximum mechanical stability can generally 
be observed when a crystalline film is formed by the deposition of crystals 
upon a substrate. For example, in the case of colloidal solution of 
graphite, the crystals of which are known to be exceedingly thin in the 
c axial direction but of relatively large cleavage plane dimensions, the 
particles settle out in such a manner that this plane is parallel to the 
substrate. On the other hand, when the crystals are formed on the 
substrate as, for example, by the condensation of vapour or by chemical 
attack, the substrate may either serve as a virtually inert supporting 
medium in contact with which the most readily formed external plane of 
the crystal is developed, or the substrate cr>"stals may themselves govern 
the orientation of the deposited crystals by determining the type of face 
first developed on condensation. Many examples are known of the first 
case which is, in effect, virtually the parallel to that in which already 
formed cr>^stals take up an orientation imposed by considerations of 
mechanical stability. Thus, Kirchner^ found that cadmium iodide 
formed by the condensation of the vapour on a celluloid film was orien- 
tated with the (001) planes parallel to the support, and even more striking 
vras Jenkins’ * observation that the crystalline oxide scums on molten 
lead, tin, zinc and bismuth displayed similar orientation effects. Ex- 
amples of the substrate playing the much more active r 61 e of causing the 
deposit crystals to adopt the orientation of those of the substrate are less 
frequent, but well-authenticated cases of crystals being constrained by 
the substrate into taking up unusual modes of orientation are known. 
Thomson,^ for example, showed that silver electro-deposited on an 
etched copper cube face rigidly followed the orientation of the copper ; 

^ Kirchner, Ergeb. cxakt, Naturw,, 1932, II, 64. 

I Jenkins. Proc. Physic. Soc., 1935, 47, 109. 

® Thomson. Proc. Roy. Soc., 1931, AI33, 1. 
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and Finch, Quarrel! and Wilman ^ found that crystals formed by the 
cathodic sputtering of gold under conditions favourable to the production 
of a random film exhibited (in) orientation when deposited on platinum 
of similar orientation, but were randomly disposed when grown on a 
glass surface. Even more intense are substrate effects such as those 
giving rise to the phenomenon of pseudomorphism * and the dissolution 
of crystalline metal films in the polish layer on metals.* 

Jenkins ^ and Finch, Quarrell and Wilman * have drawn attention to 
the fact that a film of orientated graphite crystals adheres much more 
strongly to a substrate than does a similar but unorientated layer, and 
Finch, Quarrell and Roebuck • remarked that certain metal films formed 
by condensation of the vapour are firmly held only by a polished but not 
by a crystalline metal substrate. On the other hand, as far as we are 
aware, the effect on the adhesion of a deposit, the crystal orientation of 
which has been determined by that of the substrate, has not been 
examined. 

Some of the problems hinted at in these introductory remarks have 
already been the subject of study by X-rays.® The limitations of this 
method, however, when applied to such cases of surface phenomena are 
obvious. Thus, our interest centres in the main about the region of 
contact bctw*een substrate and deposit ; and a probable change between 
abnormality in, for example, the orientation in the first deposit layers 
and a more usual type of orientation possibly reverted to with growing 
film thickness might well escape detection by X-rays, particularly if the 
change were at all rapid. On the other hand, the subject is one which 
appears eminently suitable for study by the method of electron 
diffraction. 

The object of the experiments described below Wiis to study by electron 
diffraction surface orientation effects and their associated phenomena as 
exhibited by electro-deposited metal films, not only at grazing incidence 
but also by transmi,ssion. In addition to preparing specimens mounted 
on massive substrates and therefore only suitable for examination at 
grazing incidence, we have been able to devise methods for producing 
robust metal films, by cither clectrodcposition or chemical displacement, 
which were sufficiently thin for transmission purposes and consisted, as 
desired, of the deposit either alone or together with the substrate. We 
have found, inter alia, that whilst in the case of chemical deposition the 
change from substrate to deposit is a gradual one of alloying, in electro- 
deposition the composition change is abrupt, though the substrate orien- 
tation nearly always profoundly affects that of the initial deposit layers. 
In certain cases, characterised by inability of the substrate to impose a 
definite orientation on the crystals in the deposit, poor adhesion was 
observed. 


2. Preparation of Reflection Specimens. 

The xnetal to be examined w^as electrodeposited either on to a metal 
layer previously deposited on a suitable metal disc, such as copper, or 
directly on to the disc. After plating, the specimen was washed with 

* Finch. Quarrell and Wilman. Trans, Faraday Soc,, 1935 » ^051. 

* Finch and Quarrell, Proc, Roy, Soc,, 1933 * A141, 398. 

• Finch, Quarrell and Roebuck, i 934 » A145, 676. 

’ Jenkins, Phil, Mag,, 1934* 457 - 

• Frcdich, etc.. Trans, Am, EUctrochem, Soc„ 19^*^^. 49 f 3^9 ; Wood, Proc, 
Physic, Soc,, 1931, 43 » *38. 
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distilled water and rapidly dried by evacuation in the electron-diffraction 
camera. The deposition conditions are given in Table 1 . 

TABLE I. 


Metal. 

Bath Compotitioa 

Current 

l>ei»ity 

A/dm*. 

|i- 

1 

Cu 

Cu( 0 ,H,O,), . 25 R* » NftjSO, . H,Oi 5® R- * 

KCN. 35 R. : Na,CO„ 10 g. 

0*3 

20 

Au 

AuCl, . NaCl, 2 g. ; KCN, 15 g. 

0*1 

5 <> 

Ag 

AgCN, 36R.: KCN, 52 g.; K,CO„ 38 g. 

1*0 

20 

Fe 

FeSO, . (NH,),SO, . 6H.O. 350 g. ; H,S04. 2 5 R- 

1*0 

20 

Co 

CoSO, . (NH4),S04 . 6 H, 0 , 175 R. : NaCI, 17 g. ; 
H,BO„ 50 g. 

1*0 

20 

Ni 1 

NiSO* . 7H,0, 50 g. ; Na,C*H, 0 ,, 20 g. 

0-2 

50 

Sn 

SnCI, .2H,0.ii-5g. ; KOH.Oig. ; KCN.i 3 - 5 g 


50 

As 

As, 0 ,. 50 g. ; KCN, 50 g. ; Na4P,07 . H, 0 , 20 g. 

7 *^ 

Ho 

Sb (amorphous) 

SbClj, 200 g. ; HCl, 300 c.c. 

80 

80 

Sb (crv’Stalline) 

Schlippe's salt, 50 g. ; NajCO*, 10 g. 

0-5 

70 

Bi 

Bi, 0 , . CO, . H,o. 47 g* ; H.CIO,. 19 g. 

0'5 

50 

Cr 

CrO,, 250 g. ; HjSO,, 2*5 g. 

U -5 

20 

a-Brass 

Cu(C,H, 0 ,),H, 0 , 12*5 g. ; KCN, 23 g. ; 

Zn(C,H,0,), . H,0, i6*2 g, ; Na,CO,. ro g. ; 
Na,SO, . H, 0 , 50 g. 

0*5 

i 

1 

! 20 

Pt 

H,PtCl. . 6 H, 0 , 13-3 g. : (NH,),HPO„ 45 g : 
NajHPO, . I2H,0, 240 g. 

0*4 

1 

70 

Cd (as basis metal) 

CdO, 32 g. ; NaCX, 75 g. 

I-I -5 

20 

Zn (as basis metal) 

ZnSO, . 7H,0, 240 g. ; NH4CI, 15 g. ; 

A1,(S04),. 18H,0, 30 g. 

5*10 

20 


3. Orientation in the Absence of Substrate Effects. 

Preliminary experiments were carried out with the main object of 
determining the normal type of crystal orientation assumed in the various 
metal films formed under the electrodeposition conditions outlined in 
Table I. Amorphous or polished metal substrates were used in order to 
preclude as far as possible any specific orientating infiuence such as might 
possibly be exertcKl by the crystalline substrate. The results obtained 
are summarised in Table II., and typical patterns illustrating some of the 
more striking orientation effects are produced in Figs, i, 2 and 3. As 
previously/ we continue to define the direction of orientation in terms of 
the indices of planes parallel to the substrate surface or specimen film. 

In the case of zinc, evidence was obtained of the layers first de[)Osited 
going into solution in the polished copper surface. Thus, in order to obtain 
a zinc layer sufficiently thick to afford a pattern recognisable as character- 
istic of a crysta llin e structure, it was necessary to deposit from the cyanide 
bath at 0 08 A. /dm.* and 20^ C. during at least 3 minutes on to a polished 
copper substrate, whilst 30 seconds sufficed with a crystalline copper sub- 
strate, other conditions ^ing the .same. In view of the results obtained 
by Finch, Quarrell and Roebuck • in their study of the surface action of the 
Beilby layer it is quite probable that a similar preliminary solution of 
deposit in substrate occurred to a greater or lesser extent in the majority 
of the cases of deposition on polished substrates set forth in Table 11 . 
The fact that even the thin deposits on arsenic were for the most part well 
orientated supports this view and suggests further that the clectnKlcpositcd 
arsenic substrate was not in fact amorphous but consisted rather of ex- 
ceedingly small crystals. 

The types of orientation set forth in Table II. and exhibited by thin 
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layers on arsenic and by all the thick deposits may be taken as normal and 
representative of the plating conditions outlined in Table I. In some cases, 
for example, a>brass and gold, where in the same specimen some crystals 
exhibited one and others another direction of orientation, the second type 
of orientation has been traced to bath concentration changes occurring 
during deposition. Thus, a fresh gold bath always led to a mixture of 
(m) and (loo) orientated crystals, whilst a partially used bath in which 
the gold contents had been enriched from the anode )rielded crystals of 
(ill) (Fig. 2) orientation alone. 


TABLE II, — Substrate Orientation Effects on Amorphous Surfaces. 


Substrate. 

Substrata Structure. 

Deposit. 

Orientatioa ia 

Thin Deposit. 

Orientatitm in 
Thick Dq;>oatt. 




rcu 

Random 

(no) 




Au 

Random 

(III) (Fig. 2) 




Ni 

Random 

(no) 




Fe 

(III) 

(in) (Fig. i) 




a>Bras.s 

Random 

(ill) and (311) 

Cu. jK)lished 

Amorphous 


Pt 

Random 

(in) 




Sn 

Random 

(*31) 




Bi 

Random (Fig. 3) 

Xo deAnite 






pattern 




Zn 

Random 

No deAnite 

Ni. {x>li.she<l 

1 Amorphous ' 


L 1 

Ni 1 

Random 

pattern 

(no) 


1 : 

Au 

Random 

(in) 

Au, polished 

Amorphous 

Au 

Random i 

(in) 


1 

" Amoq>hous {?), 


^ Au 

(100) 

(n i) and (loo) 



or very i 


Cu weak 

(no) 

(no) 

As, electro- 

J 

small 

4 

Xi 

(no) 

(no) 

tie posited 

! 

cr>'stals 


Fe 

(ni) 

(in) (Fig. I) 





^ -Brass 

(HI) 

(in) and (311) 


4« Substrate Orientation Effects. 

In tlicse experiments a basts metal was electrocleposited on to a polished 
copper disc either in the form of a thin layer exhibiting random crystal 
array, or to a thickness such that it .showed well the normal type of orienta- 
tion as set forth in Table II.. and the sj>ecimen metal was in turn deposited 
on this basis as substrate, the plating conditions being as given in Table I. 

When the .substrate consisted of fairly large (50-100 A) crystals in 
random array, it was found that thin Alms of iron on copper and of gold or 
copper cm nickel were unorientated, but displayed their normal character- 
istic orientations w’ith sufheient thickening of the deposits. Thus, thick 
iron, gold and coppier exhibited (iii). (m) and (no) orientations respec- 
tively, These results suggested a strong substrate orientating inAuence 
on the Arst deposit layers, because otherwise we would have expected to 
And similar orientations in both thick and thin deposits. This view was 
strikingly conArmed by results obtained with deposits on electrodeposited 
substrates the crystals of which were well orientated. The results are set 
forth in Table III. and representative patterns illustrating some of the 
more unusual modes of orientation observed and due to substrate effect 
are reproduced in Figs. 4, 5 and 6, 

The outstanding feature of these results is that the crystal orientations 
of the thin deposits were abnormal except in those few cases where the 
substrate orientation followed that of the normal type as taken up by the 
deposit under the conditions outlined in Tables I. and II.. or when either 
copper or nickel were deposited on iron of normal orientation. Further, 
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the crystal orientation of a thin face-centred cubic metal layer formed on a 
substrate of similar structure, but of an orientation not normally assumed by 
the deposited metal, followed that of the substrate, though sometimes some 
differently orientated crystals were also formed, as in the case of copper 
(Fig. 6) and nickel on gold in (in) and copper on platinum, likewise in (iii) 
orientation. With increasing thickness of the deposits the orientation in 
general tended to become less pronounced, and in the cases of nickel and 
copper on gold in (iii) orientation, where the progressive changes could 
readily be followed, it was observed that this loss in orientation went so 

TABLE III. — Substrate Orientation Effects of Thick Electrodeposits. 


|lj 

Substrate Cr>’Btal 
Orientation. 

Deposit. 

Orientation in 

Thin Depoait. 

Orientation in 
Thick Deposit. 



fAu 

(no)» 

(HI) 



INi 

(no) 

(no) 

Cu 

(no) 

^ a-Brass 

(no)* 

(III) and II 13) 


Fe 

(lOO)* 

(in) 



Bi 

Random* 

} 



fCu 

(no) 

(no) 

Xi 

(no) 

Au 

(no)* 

<ni) 



(loo)* (Fig. i) 

(in) 



[bi 

Random* 

I* 

Au 

(no)t 

Fe 

(lOO)* 

(III) 


fCu 1 

(ill)* and (loo)* (Fig. h) 

i (no) 



Ni 

(III)* and 

; (no) 

Au 

(in) 

, Ag 

(III) 



Pt 

(III) , 

1 (nil 



Fe 

(no)* (Fig. 5 ) 

[ (in) 



Sn 

(no)* 1 


Cu 

(in) and (loo)J 

/ Fe 

(no)* 

(nx) 


\ Sn 

(no)* 

I-J3I) 

Ni 

(in) and (ioo)§ 

/ Fe 

(no)* 

(nt) 


\ Sn 

Random* 

(i3i> 



>Cu 

(no) 

(no; 

Fe 

(in) 

< 

(no) 

i (no) 


1 

Random* | 

1 ’ 


(ni) 

^Cu 

(III)* and (TOO)* 1 

(no) 

Sn 

(■23«) 

Ni 

Random* 

1 (no) 


• Unusual types of orientations for the elcctro(ie|K>sition conditions used arc 
asterisked. 

t Gtdd in (no) orientation was obtained by deposition on a (no) nickel 
substrate 

t Obtained by dejxjsiting a thin layer of copper on a (ii i) gold substrate. 

§ Obtained by depijsiting a thin layer of nickel on a (i ii) gold substrate. 

11 No pattern could be obtained without interfering with and destroying the 
surface structure by scratching, etc. 

far that the patterns Ijecame almost characteristic of a random crystal 
array. With still further thickening, however, crystal orientation once 
more became pronounced but was now of the normal type. Estimates 
based on the dep<^ition conditions showed that the effect of the substrate 
on the crystal orientation in the deposit could still be detected up to a 
thickness which depended upon the nature of the metal, but was generally 
of the order of i,ooo A., and that the normal type of orientation did not 
as a rule appear strongly until the deposit had become considerably thicker. 
The persistence of the substrate influence was most marked with nickel 
and was somewhat affected by the nature of the substrate, being greatest 
in the case of gold and decreasing with tin, a-brass and copper. Even on 
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gold, however, the substrate effect was completely lost when the nickel 
deposit thickness was of the order of 2,000 A. 

No substrate orientating influence could be detected with copper or 
nickel on iron ; thus at a thickness estimated at only 50 A. the normal (i 10) 
orientation appeared in both cases. 

Unlike the face-centred cubic deposits on face-centred cubic substrates, 
the body-centred cubic metal, iron, did not follow the substrate orientation, 
but exhibited nevertheless a strong substrate influence in that the crystal 
orientation in thin layers was abnormal ; in general this was such that the 
atom population density in the orientation plane of the deposit crystals 
approached to that of the substrate. This was also the case with tin on 
gold or copper. 

We have examined the adhesion of the deposits enumerated in Table III. 
by comparing their resistance to abrasion by rubbing between dry Angers. 
All show-ed by this rough test good powers of adhesion with the exception 
of nickel on tin, and bismuth on iron, nickel or copper, all of which rubbed 
off easily. Thus it would seem that ability to orientate, even in the thin 
initial layers of an electro-deposit, is of advantage in securing good adhesion. 

5. The Preparation of Transmission Specimens. 

As in the case of the experiments outlined al>ove, the electron diffraction 
examination of the orientating effects of crystalline substrates have hitherto 
always been carried out with the l^eam at grazing incidence on specimens 
mounted on massixe substrates. Certain disadvantages are inherent in 
this method. Thus there is some degree of uncertainty as to the effective 
camera length, and the error involved might well tend to obscure any 
lattice distortion effect pnxluccd by the substrate. A further inaccuracy 
is liable to l>c introduced by the small height to which the crystals project 
over the shadow-throw'ing surface ; for it is now a matter of experience that, 
compared with transmission, reflection " patterns are often inferior from 
the ix>int of view of ring sharpness, and in many cases the difference in 
delinition is largely to be ascribed to the relaxation of the Laue diffraction 
condition corresponding to the direction normal to grazed sjx^cimen surface. 
It was cliiefly for these reasons that in continuing this study of substrate 
effects we turned to the use of transmission sjxjcimens. 

Two methods for i)reparing this typt^ of specimen by electro-deposition 
have been developed and pre\ iously <lescril>ed,* but have since been con- 
siderably improved. In the one, commercial metal leaf floating on the 
{dating bath servx'd as cathode under the conditions outlined in Table I. 
and was removed from the resulting deposit by submersion in a suitable 
etching bath. The second method, of more general utility, led to the pro- 
duction of robust transmission sjK‘cimens which were remarkably uniform 
in thickness and yielded gCHxi diffraction patterns throughout their whole 
area. In general, the pn)cedure consisted in plating a polished stainless 
steel disc with a thick layer of some suitable basis metal under the 
conditions outline in lable I. After washing, the disc was further plated 
with the metal reejuired for examination. The composite basis and speci- 
inen metal Aim was then stripped off the disc and immersed in a reagent to 
dissolve away the basis metal whilst leaving the specimen metal intact. 

In the case of iron, tin, bismuth or arsenic it was found necessary first to 
plate the steel disc with an exceedingly thin layer of copj^r or nickel 
before forming the basis metal film. In this manner iron or tin basis films 
were deposit*^ on coppered, and bismuth or arsenic on either coppered 
or nickeled polished stainless steel . The conditions for the electrodeposition 
of the specamen layer on the l>asis metal are set forth in sufficient detail in 
a previous communication * and in the further particulars enumerated 
above in Table I. 

After washing to remove the etching reagent, the specimen was picked 
up on a fine-meshed nickel gauze and transferred whilst still moist to the 



858 STRUCTURE OF ELECTRO-DEPOSITED METALS 


camera and rapidly dried by evacuation. The time of deposition varied 
with the nature of the metal and current density between a few seconds and 
about 1 minute. The strength of the specimen film depended largely 
on the bath temperature and current density and also, though to a lesser 
extent, on the nature and texture of the basis metal layer. Owing to the 
low current densities employed, the crystal size increased with, and was 
determined in the main by, the time of deposition. Composite transmission 
specimens consisting of two electrodeposited metal layers were also ob- 
tained by this method, the second met^ being either deposited on the first 
thin specimen layer prior to stripping, or plated on to a floating and pre- 
viously suitably thinned leaf acting as cathode. 

The preparation of transmission specimens by chemical displacement 
generally involved the prior formation by electrodeposition and isolation 
of a thin film of the displacing metal, which was then floated on a suitable 
salt solution of the met^ to be displaced. In some cases a relatively thick 
film was used, and the excess of metal remaining after partial exchange was 
removed by the appropriate etching reagent. 

6. Orientation in Composite Transmission Films. 

In these experiments the specimens consisted of a metal electrodeposited 
on a commercial leaf which had previously been suitably thinned for trans- 
mission purposes. The results are incorporated in Table IV. and illus- 
trated by the patterns, Figs. 7, 8 and 9, which show that the substrates in 
most cases consisted of more or less well-developed single crystals. 

TABLE IV. — Substrate Orientation Effects on Electro-Deposits of 
Superimposed Transmission Specimens. 



( 

1 


1 Oriefitation iu DeDoeit. 

Substrate 

(Cofiunercia] 

Substrate 

Cr>'Stal 

Deposit. 





Leaf). 

Onculation. 

( 

First Direction. 

SecoiKl Dim tion. 

Pt 

(110) 

1 Cu 

(no) (Fig, 7) 

(x io)|>^ parallel to 
(no)c„ 


1 

i Ni 

[ 

I 

(no) (Fig, 8) 

(I io)p^ parallel to 



Co 

(no) 

{iio)p^ parallel to 

("o)co 

Pd 

(100) j 

Cu 1 

(100) j 

(loo)j^ parallel to 
<*°o)cu 



Fe 

(100) 

(txo)p^ parallel to 
(*«>)»« 

Au 

(100) 

Fe 

(100) (Fig. 9) 

(no) parallel to 



Co 

(100) 

(loo)j^y parallel to 
(»°o)co 



Ni 

(100) 

(iio)^jj parallel to 
(loo)*, 


These results show that the deposit crystals, like those of the substrate, 
always exhibited two directions of orientation, at least one of which was 
common to both substrate and deposit, and the patterns. Figs. 7, 8 and 9# 
afford convincing evidence of the remarkable degree of faithfulness with 
which the substrate crystal orientation is follow^ in these thin films by 
the deposit. In Figs. 7 and 8 , for example, the arcs due to copper and 
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nickel respectively are virtually exact replicas of the corresponding platinum 
diffractions, even to the reproduction of minute dots due to larger crystals. 

The manner in which the body-centred cubic structure, iron, orientates 
on a face-centred cubic metal, such as palladium or gold, is of particular 
interest in that it differs from that encountered in the case of superimposed 
face-centred cubic structures. Although substrate and deposit crj’-stas con- 
tinue to possess in common one degree of orientation in that they have similar, 
i.e,, cube, faces in contact, the respective cube edges in the specimen plane 
are not parallel but inclined at 45® to each other, with the result that (no) 
and (100) planes normal to the specimen film in substrate and deposit 
respectively are parallel to each other. This is clearly a case of a substrate 
inffuence complied with by the deposit in such a manner as to lead to as 
strain-free an arrangement of the atoms in the substrate-deposit interface 
as possible. Thus, in the pattern. Fig. 9, the gold and iron spacings are 
such that the 200, 220, etc., gold diffractions coincide with no, 200. etc., 
of iron respectively, and it is not until the nth pattern ring that an iron 
diffraction, the 123 ring, is obtained free from a gold ring. This means that 
the cube faces of the iron crystals fit clo.sely on those of the gold substrate 
when cul>e comer atoms of iron bisect gold cube edges. When given 
already one common dirocti«ui, i.e., (100), of orientation, it is clear that 
no other arrangement will enable the two structures to fit together so 
accurately without lattice distortion. It may therefore l>e concluded that 
this arrangement of substrate and deposit is also the most strain-free. 
We have, indeed, observed that iron electrodeposited on a massive gold 
substrate exhibits exctn^dingly gtK>d adhesion. 

In the case of iron electrodeposited on palladium, the two structures 
fit together in a corresponding manner and, although the fit is not so good 
as in the case of iron and on gold, it is nevertheless still the best possible 
under the circumstances. 

The remarkable pattern of sjx>ts immediately surrounding the un- 
diffracted beam spot in Figs. 7 and 8 is a more or less prominent feature 
in all the j>attems obtaineci from these composite films in which the sub- 
strate produced a jmttera approaching to the cross* grating type and there- 
fore practically consisted of a single crystal, or at leaust of closely packed 
crystals possessing two well-defined directions of orientation in common. 

The origin of tliis central pattern may be deduced as follows : Owing 
to the thinness of the composite film, the third Luue condition for diffraction 
is virtually completely relaxed, and we may regard the specimen as consisting 
of tw'o superimjH^sed cross-gratings, one of platinum. <1 3 91 A. and the 

other of copper, a 3*61 A. Suppo.se a l>eain. from the first cross- 

grating be diffracted by the underlying copjx'r film, then a complete copper 
cross-grating pattern should he. ascribed about the hkl^ diffraction spot. 
Thus, as in J’ig. 10, there will be a ray, A, diffracted radially inwards and 
another, B. radially outwards from the central spot, the distance of A and B 
from AA/pt being the radius of the hklcn ring. Similarly, other rays. C and 
I>, etc., will be diffracted in various directions from that of the initial 
AA/pt ray. So far we have only considered a single platinum crystal with 
its underlying layer consisting of a copper single crystal in similar orienta- 
tion ; but the patterns. Figs. 7 and 8, consist of a series of short arcs, and 
we must therefore consider the effect of rotating the cross-gratings about the 
primary beam by an angle equal to the angular extent of the arcs of the 
normal pattern. Quite dearly the effect upon A and B will be to spread 
the spots over an angle, «, subtended by the normal pattern arcs at the 
central spot. Since A is much nearer the central spot than B, it follows 
that the same amount of energy will be concentrated into a much smaller 
area at A than at B, The arc A will therefore be much more intense than 
B. A similar effect will occur for C and D, but in addition there will be 
a two-dimensional spreading and consequent blurring of the C and D arcs, 
owing to the extent of the primary AA/pt arc, and we should therefore hardly 
expect to observe such diffractions in the patterns. 
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This view, according to which the central pattern is due to double 
diffraction, is completely in agreement with the facts. Thus, in Fig. 7, 



the pattern close to 
the central spot cor- 
responds to a face- 
centred cubic struc- 
ture, = 48*9 A., in 
exactly the same 
orientation as the 
platinum and copper, 
and the scattering 
angle corresponding 
to each of these inner 
arcs is the difference 
between the scatter- 
ing angles of the cor- 
respon^ng diffrac- 
tions of the platinum 
and copper respec- 
tively. For example, 
the radius of the arc 
ascribed to the iii 
diffraction from the 
face - centred cubic 
structure of cul>e 
edge 48*9 A. is equal 
to the difference be- 
tween the radii of 
the III platinum and 
copper diffractions 
respectively. Again. 


Fig. 10. 


all three arcs fall on 
the same radius and 


have the same angular extent, and whilst the arcs near the undiffracted 
beam spot are intense, the corresponding arcs described about, and on the 
opposite side, of the in platinum diffractions are too weak to l>e seen 
in the reproduction, though plainly visible in the original negative. 

Similar results obtained with other composite films are set forth in 
Tables V a, 6, r, and d. They completely confirm the above double 
scattering view. 

In addition to those shown in Table Va, three other arcs foreign to 
either platinum or copper were observed in the pattern. Their origin could 
be traced to double diffraction. Thus, the arc with radius 1*14 cms. is due 
to the diffraction of the 2 2 2pt diffraction by (1x1)00 (calculated 1*13 cms.) : 
1*43 cms. arc due to the diffraction of iiipt by (222)00 (calculated 1*43 
cms.) ; and i *92 cms. arc due to the diffraction of the 200pt beams by (331 )cu 
(calculated 1*92 cms.). 

Three other arcs were also observ^ed in the pattern of Table Vb, 
The arc with radius 1*03 cms. is due to the diffraction of Z 22 n by (iix)ni 
( calculated 1*02 cms.) ; 1*40 cms. arc due to the diffraction of nipt beam 
by (222 )kj (calculated 1*40 cms.) ; and the 1-98 cms. arc due to the dif- 
fraction of the 3 iipt beams by (440)51 (calculated 1*97 cms,). 

The occurrence of this phenomenon of double scattering is of particiilar 
mportence in connection with the general interpretation of the relative 
intensities of the diffractions in electron diffraction patterns. In the case 
of a specimen consisting, for example, of a chaotic aggregation of the same 
type of cr^tals, the effect must give rise to an anomalous intensity dis- 
tribution, in that it will have the tendency to even out the intensity dif- 
ferences between the various diffractions. 
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TABLE V. — Double Diffraction by Composite Films. 


lodioMof 

RadU in 

Calculated 

Differences 

Diffractiofi*. 

cm. 

between 



Radii in cm. 


Observed Radii 
of Inner Secondary 
Diffractions in cm. 


Calculated 
Sum of Radii 
in cm. 


Observed Radii 
of Outer Second- 
ary Diffractions 
in cm. 


(a) Copper on Platinum (Pift. 7). 


(c) Copper on Palladium. 


2ZO^ 

220 


'Co 

Pd 


(d) Cobalt on Platinum. 



I - 33 'I 




liipt 

I'23/ 

010 

O'lO 

256 


I* 52 \ 




-S 

1-41/ 

0*11 

o-ll 

2*94 

220c„ 

2 I 7 \ 





2*00 / 

0*17 

017 

417 

Nickel 

on Platinum (Fig. 8 ). 



I-27V 




nipt 

114/ 

0*13 

0-X3 

2-41 

200JJI 

1*471 





1*33/ 

o.,4 

014 

2S0 

220jy, 

2*o8 V 




220p^ 

1-87/ 

0**1 

0*21 

3V5 


2*56 

2-94 


2*41 


l-SSl 

1 

I 

1 



‘■■ 45 / 

0 lO ] 

f 

o-io j 

i 

3*00 

300 


spot. 


Faint, difiuse double diffraction pattern observed near and around the central 


In the examples of double scattering set forth above, the relationship 
between substrate and deposit crystal orientation was so intimate that the 
specimens could be regarded as being virtually single structures but char- 
acterised by an abrupt change of lattice constant occurring at a sharply 
defined boundary within the structure. We should therefore expect to 
find similar intensity-levelling double-scattering effects even in the case 
of single crystal transmissions of the cross-grating type. The effect must 
occur ; otherwise it would be difficult indeed to account for the exceptional 
intensity of the higher order diffractions which is so characteristic of the 
electron difiraction cross-grating pattern. Thus, it is by no means unusual 
to record as many as 15 orders in a mica transmission. Beeching* has 
observed a similar effect in the case of the reflection of electrons from a 
natural diamond face, and other investigators, notably Raether,'* have 
recorded similar anomalies, Itethe’s “ dynamical treatment neglects the 
experimental fact of the co-existence of several strong difiract^ beams 
and their consequent interactions and must therefore be inadequate in its 
present form as a guide to the quantitative interpretation of intensity^ 
distribution. The need for caution at the present time in assigning any- 
thing more than a general qualitative significance to intensity measurements 
of electron dsifracrion patterns is evident. 

• Beeching, Pkil. Mag., 1931, JO, S41. 

Haether, Z, Physik., 193^» 78» 527 * 

** Bethe* Ann, Physik., 1928 , 87 , 55- 
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7. Orientation Changes Subsequent to Substrate Removal. 

Experiments were carried out with the object of seeing to what extent, 
if any, the orientation of the deposit crystals might be affected by the 
removal of the substrate. That such an effect can and does occur is 
strikingly demonstrated by the patterns, Figs. 9. ii and 12. Thus, in 
Fig. 9, from iron electrodeposited on gold, the arcing shows that both metals 
were in cube face orientation and witli an iron cube face parallel to gold 
cube-diagonal planes. This specimen was next floated, gold downwards, 
for a few seconds on a weak cyanide solution and re-examined after washing. 
The resulting pattern, Fig. ii, show's that much of the gold had gone 
into solution, and that the arcing of the rings has become much less distinct 
than previously in Fig. 9. After further etching, leaving only a trace of 
gold, the pattern, Fig. 12, was obtained. The rings are now practically 
free from arcs, thus showing that with removal of the substrate the secon<i 
direction of orientation of the iron crystals has been lost. Furthermore, 
the intensity distribution is now such as to suggest that w'hat slight degree of 
orientation still remained was (no) rather than (loo) parallel to the speci- 
men plane. It is probable that the loss in orientation w'as due to crinkling 
of the iron film on removal of the substrate. 

We have in other cases ob.served distinct signs of similar changes due 
to removal of the substrate influence, but in none were the effects so clearly 
in evidence as with iron on gold. 

8. Substrate Influence on Crystal Size. 

An example of the effect of the substrate structure on the crystal size 
of a deposit has previously been given in the case of chromium electro- 
deposited on copper, nickel, iron, tin and bismuth substrates.* The sizt* 
of the deposit crystals appeared to be determined mainly by the crystal 
size in the substrate, provided the deposition conditions were otherwise the 
.same. Nickel seemed on the whole to be less susceptible than chromium 
to this specific substrate influence, and generally gave patterns which are 
remarkable for their clarity and ring definition. ElectrodcjKVsited on 
amorphous arsenic, however, even nickel exhibited a pRinounced tendency 
to form small crystals. 

9. Transmission Specimens of Single Metals. 

These specimens were prepared in the manner outlined in Table I. and 
§ 5, and had been electrodep<jsited on basis metals witli normal crystal 
orientations characteristic of the deposition conditions previously outlined. 
After stripping and removal of the basis metal the films yielded excellent 
patterns, representative examples of which have previously been repro- 
duced,* It will suffice to recall that it was found that body-centred cubic 
structures such as iron and chromium tendtjd towards (in), and the 
face-centred cubic metals towards (no) orientation. 

10. Metal Films formed by Chemical Displacement. 

A copper film, either commercial leaf or electrodep>sited, rapidly 
whitened when floating on a 10 per cent, acid platinum bi-chloride solution. 
After immersion in 3.V nitric acid to remove any unattacked copper, the 
film yielded a face-centred cubic pattern. Double-shutter comparison 
with gold show'ed that the film formed by displacement had lattice con- 
stants intermediate between those of platinum and copper, and this was 
independenriy verified by the pattern. Fig. 13, obtained from a similar 
platinum-displaced-by-copper film .superimp>sed on gold. 

Similar results were obtained with platinum, displaced by floating a 
silver film on the platinum salt solution, followed by washing with a dilute 
ammonia solution and hours' treatment in nitric acid to remove 
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silver chloride and unattacked silver. A typical double-shutter pattern 
with gold is shown in Fig. 14, from which it will immediately be evident 
that the lattice constants of the displaced film lay between those of platinum 
and silver. This film gave a j>ositive test for silver with /)-dimethylamino- 
benzal-rhodamine, and the two platinum-displaced-by-copper specimens, 
on testing for copper w'ith sodium-diethyl-dithio-carbamate also yielded 
a similar result. 

The lattice constants of the 20 copper-platinum specimens examined lay 
between 3*71 and 377 A. Similarly, in the case of platinum displaced by 
silver, the lattice constants were found to vary between 3*97 and 4*05 A, 
and it wa.s observed that the lattice constant decreased with the time of 
contact of the silver with the platinum solution. Thus, the chemical 
and structural evidence both show that copper-platinum and silver- 
platinum alloys are formed when thin copper and silver films chemically 
displace platinum, a result which is in sharp contrast to that obtained in 
the case of electrodeposited single and double films, where no signs of 
alloying could be detected. 


Summary. 

The structure of electrotleposited and chemically displaced metal sur- 
faces and films has been studied by the method of electron diffraction. 

It has l)een found that the structure of the substrate upon which a metal 
is electrodeposited nearly always profoundly affects that of the deposit, 
ill that the orientation of the substrate crystals determines that of the 
deposit. In those few cases when' the effect did not occur the deposit 
generally exhibited p<x>r fviwers of adhesion. 

Anomalous diffraction effects, sliown to be due to secondary elastic 
scattering, have l>een obtained, and the l.>earing of this phenomenon on the 
interpretation of electron diflraction pattern intensities has been discussed. 

It has been shown that, unlike in electTodejx)sition, chemical displace- 
ment f>f one metal by another leads to the formation of an alloy. 

In this communication we have confined ourselves to setting forth 
the facts brought to light in the course of experiments and to drawing 
therefrom the outstanding conclusions of fact. We are deferring a more 
detailed discussion until the completion of further work which is now’ 
in hand. 

We w'ish to thank the Government Grant Committee of the Royal 
Society and Messrs. Ferranti Ltd. for grants for apparatus. 


Imperial College of Scieftce and Technology. 
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§ 1. Introduction. 

The occurrence of isolated so-called “ extra ** or “ forbidden ” rings 
in electron diffraction photographs, more particularly from metal films 
and surfaces, has long been noted. Such rings were obtained in profusion 
by Finch, Quarrell and Wilman ^ from both beaten and elec trodeposi ted 
metal foils, and more especially from such films after heating in contact 
with various gases followed by rapid quenching to room temperatures. 
In addition to “ extra *’ rings, these experiments also often led to the 
appearance of remarkable band systems which were interpreted as 
evidence of a gradual lattice expansion with entry of gas. These results 
suggested that the diffraction of high speed electrons might afford a 
pow’erful and direct means for investigating the interaction of gases and 
solids. For the successful prosecution of such a study, however, it 
would be essential to exclude the formation of extra ’* rings due to 
causes other than gas absorption, or at least to be able to recognise the 
origin of such rings when they do occur. 

Mark, Motz and Trillat * have show'n that traces of grease can give 
rise to a well-marked group of “ extra ** rings in patterns from metal 
films and also from cellulose. The corresponding spacings, however, 
have been found to be independent not only of the nature of the metallic 
or cellulosic substrate but also of the types of grease so far found to occur 
as adventitious impurities in the laboratory'. Grease ” ring systems 
should therefore not be difficult to recognise. Furthermore, by taking 
suitable precautions the formation of such contaminating grease layers 
can be suppressed ; also, as Trillat * has pointed out, the grease can 
generally be removed by washing the specimens with suitable solvents. 

Finch and Quarrell * have recently recorded the fact that amalgamation 
can give rise to “ extra ring systems which, unlike the grease ring>, 
have spacings dependent upon the metal and arc thus more difficult to 
distinguish from absorbed gas rings than are the grease rings with their 
constant spacings. The following experiments were therefore carried 
out wMth the object of elucidating the structure of thin gold, silver, 
copper and palladium foils after attack by mercury under conditions 
which could be considered as representative, even though possibly 
exaggerated, of adventitious contamination of such films in the laboratory. 

^ Finch, Quarrell and Wilman, Trans. Faraday Sot., 1935, 31, 1031. 

- M^k, Motz and Trillat, Naturwiss., 1935, 3*9- 

^ Trillat. Trans. Faraday Soc., 1935, 31, 1127. 

^ Finch and Quarrell, Stature, 1935. 136, 720. 
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§ 2* Experimental. 

Gold, silver, palladium and copper were supplied in leaf form by- 
Messrs. G. M, Whiley Ltd. The gold was describ^ as fine gold, guar- 
anteed absolutely free from alloy.*' After thinning by floating on a N/^o 
potassium cyanide solution, followed by washing in distilled water, it gave 
diffraction patterns characteristic of the pure metal, except that in addition 
to the normal rings at least t^^^o “ extra " rings corresponding to spacings 
of 4*44 and 2‘56A. were more or less faintly discernible in the majority of 
specimens taken from three books of two different batches. It will be seen 
later that these ** extra " rings were due to traces of amalgamation. The 
gold crystals were generally orientated with (100) planes parallel to the 
film (complete rings with the specimen normal to the beam, but the 200 
\CTy strong and 1 1 1 abnormally weak) and frequently a second common 
direction of orientation was also more or less in e\'idence, the rings tending 
to break up into arcs. The " extra *' rings, howe\'er, were always con- 
tinuous. 

According to Messrs, silver dot‘S not beat into a fine leaf unless 

of a high grade of purity. The leaf supplied assayed over 99-9 per cent., 
the chief impurity being copper with traces of arsenic and lead. The 
cyanide- thinned and washed leaf gave the normal silver pattern, usually 
frtT from any signs of “ extra " rings. In most specimens the crystals 
were <jrientated in the manner observed in the case of gold, the diffraction 
rings being more or less strongly i reed. 

The palladium leaf was Ixxitcn from a high grade metal obtained from 
the Mcuid Nickel C ompany. It was thinned by floating on a solution of 
concentrated nitric acid in an equal volume of water and washed as above, 
d'he patterns wore characteristic of palladium and free from extra " rings. 
The crv’stals were more highly orientated than m the case of gold or silver, 
and many specimens yielded a nearly perfect cross-grating pattern char- 
acteristic of cube lace orientation. 

The copper leaf had l>een Iwaten from electrolytic metal and contained 
c»uly traces of impurities, chiefly lead and arsenic. It was thinned with an 
acidified solution of junmonium |>crsulphate or with a 20 per cent, potas- 
sium cyanide solution and washed. The patterns were t>q>ical of copper, 
though occasionally a much fainter secondary' ring system due to cuprous 
oxide appeared. 

Amalgamation was carried out by hanging a 3 x 1*5 cm. strip of the 
thinned leaf above a warmeti drop of mercury until the lower edge had been 
whitentx:!, in the case of gold, or become brittle and frosty in appearance in 
the case of silver. Palladium showed no visible signs of attack even after 
prolonged exposure leading to condensation of mercury on the leaf. Copper 
amalgam s|iecimeus prepared in this manner were found to be unsuitable 
for electron diffraction. 

Amalgamation was also carried out by electrodeposition and by chemical 
displacement. Thus gold leaf was ara^gamated by using it as a cathode 
in a nearly .saturated mercuric chloride bath with a mercury anode. By 
varying the current density and times of dejwsition a wide control of the 
extent of amalgamation could be effected. Silver amalg^s w'ere similarly 
prej^ared with mercuric chloride and nitrate baths. Finally, silver and 
copper amalgams were obtained by merely flirting the leaf on such baths, 
the extent of attack tieiiig controlled by the time of contact. 

§ 3. Gold Amalgams* 

The gold leaf specimens attacked by mercury vapour exhibited all 
shades of colour from that of pure unalloyed gold to the metallic white of 
the mercury-rich amalgam formed at the lower edge of the leaf. The transi- 
tion from yellow to white occurred rapidly, however, and was confined 
as a rule to a strip of about only i mm. widfii. Diffraction patterns were 
taken from several places in and on either side of this transition rone. 
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Patterns from the gold side were characteristic of gold except for the 
appearance of two comparatively strong amalgam rings lying inside the 
III gold diffraction and corresponding to spacings of 4*44 and 2 ‘56 A., and 
which are nearly always visible in most gold leaf patterns. Although the 
gold rings were arced, the amalgam rings were always continuous. On 
progressing towards the mercury-rich end of the specimen, these extra '' 
rings became more and more prominent (Fig. i), many new rings appeared 
and, with further approach to the most heavily amalgamated area, some of 
these in turn disappeared whilst others became stronger until the gold 
pattern was completely displaced by a fully developed amalgam ring 
system which must be due to a well-crystallised gold-mercury alloy (Fig. 2). 
The spacings corresponding to the gold amalgam rings, referred to gold, 

ajiu * 4-070 xV., are given 
TABLE I. — Gold Amalgam («au ” 4 070A.). in Table I. The best fit 

we have been able to find 
is given by a simple cutx? 
of a -- 17-81 A. No space- 
group can be assigned, as 
the pattern dfx\s not afford 
sufficient information, and 
we have not succeetled in 
obtaining single crystal 
patterns. 

It seems likely that the 
mercury-richest of the gidd 
amalgams w^as also the 
most stable of those ex- 
amined. Thus several 
rings, notably the two 
vcr\' intense ones corres- 
ponding to 4 ‘44 and 
2*56 A. which were the 
first to appear in the initial 
stages of amalgamation, 
persisted right through 
into the patterns from the 
fully amalgamated speci- 
mens : whilst the appear- 
ance and disappearance of 
other rings w ith progress- 
ing amalgamation afforded 
evidence of the transitoiy* 
formation of a wide range 
of intermediate alloys. 
The complexity of the cor- 
responding patterns is such 


Spaciugs, 

A. 

Ring 

Intensities. 

Assigned Indices. 

Spacings 
Calculated 
for a Simple 
Cubic Lattice, 
a — 17*81 A. 

4*44 

v.s. 


400 

445 

2-94 

f. 


boo 

2-95 

2-60 

f.m. 


631 

2*bo 

2 - 5 t) 

s. 


444 

2*57 

2*49 

m.s. 


/■5.5A 

l 7 » ' J 

2*49 

2-39 

i. 


642 

2 - 3 « 

2*23 

m. 


800 

2-23 




r 740 


219 

v.f. 

i 

811 > 

2-19 



1 

L554J 


2 *06 

f. ; <1. 


\ 555 \ 

2-00 



1 

.751/ 


1-69 

m. 


lOr 31 

1*70 

I -60 

f. 

10. 50 

1*59 

1-50 

m. 


ro, 62 

150 

Jt '49 

m. 

12, 00 

I- 4 H 

1*47 

ni. 


777 

*•47 

1-44 

m. 

10, O4 

1-44 

1-30 

rn. 

^ 3 . 33 

X -30 

1-24 

f.m. 

io> 10. 2 

*‘25 


In column 2 the diffracted intensities are re- 
corded as v.s. - very strong, s, ~ strong, m s. 
medium strong, m, = medium, f.m. faint to 
medium, f. ~ faint and v.f. --- very faint ; d. 
signifies diffuse. 


as to render it difficult to assign definite structures to the intermediate 
alloys. Further, out of 20 patterns yielded by incompletely amalgamated 
gold specimens, no two patterns containing four or more amalgam rings 
agree throughout either in ring diameters or intensities, a fact wrhich 
testifies to the remarkably wide range of structures to be met with in the 
incompletely amalgamated gold specimens. 

The amalgams formed by the electrodeposition of mercury on a gold 
leaf cathode were prepared with the object of obtaining evidence of the 
possible formation of amalgams differing from the above structure observed 
when the leaf had been fully attacked at room temperature by mercury 
vapour. Though in all 15 such specimens, representative of a wide range 
of colour between gold and mercury-white were prepared, the resulting 
patterns confirmed in every relevant detail the results obtained in the case 
of attack by mercury vapour. 
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In addition to the above outlined methods of preparing gold amalgam, 
we have found that heating a partially amalgamated gold film to a suffi- 
ciently high temperature in vacuo leads to the formation of the amalgam 
structure descril>ed in Table I. Thus, a fresh gold leaf specimen which 
only faintly showed the two normally most prominent amalgam rings, 
after 15 mins, heating in vacuo at 720^ yielded a pattern similar to Fig. 2 
and without any trace of gold rings. The pattern could only be obtained, 
however, from a few small areas of the specimen, the heat treatment having 
otherwise resulted in the collapsse of most of the gold film previously 
bridging the meshes of the supporting gauze, probably as a result of melt- 
ing. Thus I'araday • found that a continuous gold film on glass gathered 
up into minute globules on heating at 300°. Hence it seems that, from the 
point of view of electron diffraction, the gold is destroyed as a specimen by 
a heat treatment which is successfully resisted by the amalgam films. This 
and other similar results are of importance in connection with the study of 
the absorption of gases by metallic foils, in that they show how easily an 
originally practically negligible concentration of amalgam may virtually 
increase, as a result of heating, to such an extent as finally to predominate 
in impulsing its character upon the diffraction pattern. 

These experiments were rejx*ated with fresh gold films formed by electro- 
deposition in the manner previously outlined “ Such films proved to be 
frtx" from mercuiy in that they afforded no trace of amalgam rings even 
after prolonged lu^t treatment, provided this was carried out in a vacuum 
free from mercury vapour 

Pabst • and S ten beck ’ have investigated the goUTmercury system bv 
means of X-ray diffraction, using carefully annealed specimens. No agree- 
ment has l)oen found Ix^tween their results and those obtained in these 
experiments. 


§ 4. Silver Amalgams. 


TABLK 11 — Silver (axg 4 077) Amal- 
gamated BV Mekci’rv Vatour. 


Spacings 

Calculated 


It was not easy to obtain 
sulhciently robust and yet not 
too dense amalgamated silver 
spt^cimens by mercury- vapour 
attack of suitably thinned leaf, 
largely owing to the patchy 
and uneven thickness of the 
raw leaf. Alsc) it was more 
difficult than in the case of 
l^old to distingtiish visually 
the transition between the 
fully amalgamated to un- 
attacked silver. As before, 
howxver, patterns w'ere ol>- 
tained thmugh areas likely 
to be representative of pro- 
gressive attack by gradually 
working from the upper to 
the lower leaf edge. After 
slight amalgamation, two 
fairly prominent continuous 
amalgam rings with spacings 
<4 2*Q2 and 2*44 A. appear^ 
within the silver iii diffrac- 
tion. A fully attacked area gave the pattern, Fig. 3, containing no silver 
rings, and in which the two inner amalgam rings have become much stronger. 



Iniesi&itics. 

Indices. 

for a — c . 

Tetragonal 

Lattice, 

• =• * ?3 A, 

c « 5'8j a, 
cia «* 0-84. 

3-77 

m. 

Ill 

3*75 

2 in 

s. 

002 

2 - 9 * 

-t -44 

m.s. 

220 

2*45 

I'll 

f.m. 

202 

-2-^3 

205 

m. 

*3* 

2*05 

1-87 

v.f. 

222 

1*87 

i-8i 

m. 

**3 

I -80 

*•57 

m. j 

33* 

*•57 

1*48 

f.m. 

402 

*•49 

1 - 4 ^ 

f.m. 

004 

*•45 

1*26 

v.f. 

25* 

1-26 

1*3 

v.f. 

442 

1*13 

1-02 

v.f. 

3f>* 

1*02 


* Faraday, PhiL Trans., 1857, 147, T45. 

< Pabst, /, phvsih. Chem. (B), 1929, 3, 443. 
’ Stenbeck, Z. an. all. Chem., 1933. 314, 16. 



868 DIFFRACTION OF ELECTRONS BY AMALGAM FILMS 


The analysis of Fig. 3 is given in Table II. A reasonably good fit is 
given by a face-centred tetragonal structure, a =* 6*93 and c = 5*82 A. 

The structure assigned above should give a 200 difiraction ; its absence, 
however, might well be due to a general tendency of the ciystals to orientate 
with (100) planes parallel to the specimen plane. This view is borne out 
by the pattern, Fig. 4, in which, however, in addition to the rings corre- 
sponding to the spacings set forth in the first column of Table II, there 
appears a ring of medium intensity with the spacing 3-43 A., the theoretical 
value for 200 indexing being 3*46 A. In this case the silver specimen had 
been prepared by electrodeposition from a cyanide bath and had (no) 
orientation before amalgamation. 

The initial stages of amalgamation by electrodeposition of mercury on 
silver from mercuric nitrate w ere found to be marked by the appearance of 
two prominent “ extra ** rings inside the in diffraction and with spacings 
nearly similar to those first developed in the early stages of the amalgama- 
tion of gold. After electrodeposition at 0*1 A./dcm. during 40 seconds, a 
pattern containing only amalgam rings was obtained. The analysis is 

given in Table III, from 
TABLE III. — Silver Amalgamated by which it will be seen that 
Electro-deposited Mercury. this silver amalgam is closely 

similar to that obtained from 
gold amalgamated by mer- 
cury vapour. Fig. 2, and thus 
has a structure practically 
identical with that of the 
final gold amalgam ; indeed, 
owing to the similarity be- 
tween the lattice constants 
of gold and silver, it would 
be difficult to distinguish 
between the two amalgam 
pattenis without double- 
shutter measurements. 

An amalgam of similar 
structure w^as also obtained 
by displacing silver from a 
nearly saturated silver ni- 
trate solution by a drop of 
mercury. The resulting 
amalgam after washing and 
supporting on a collodion 
film spanning nickel gauze 
gave a pattern similar to 
that analysed in Table III. 
Silver leaf after floating on a nearly saturated mercuric chloride solution 
during three minutes gave complex ring patterns containing no silver rings. 
The analysis of the representative pattern, Fig. 5, is set forth in Table IV. 
Similar patterns were also occasionally obtained from specimens amal- 
gamated by electrodeposition. We have so far not succeeded in clearly 
defining the conditions of electrodeposition leading to either this or the 
former type of amalgam yielding a pattern similar to that analysed in 
Table III. 


Spacing?, A. 

Ring 

Intensities. 

Assigned 

Indices. 

Spacings 
Calculated 
ioT a Simple 
Cube, 

17 - 94 * 

4 - 4 $ 

S. 

400 

4*49 

3-90 

v.v.f. 

421 

3*91 

3*51 

f. 

510 

3*52 

318 

v.v.f. 

440 

3*17 

2-86 

v.f. 

620 

2-84 

2*59 

v.s. 

444 

2-59 

2-51 

f.m. » 

551 

2*51 

2*38 

m.d. 

642 

2*40 

2*24 

tn. 

800 

224 

2-21 

m. 

811 

2‘2I 

2 -06 

f.d. 

662 

2 *06 

I -85 

f.d. 

932 

1*85 

1*70 

m. 

3. 1. 10 

171 

1-65 

m. 

3*310 

1*65 

1*51 

m.s. 

5.4.10 

1*51 

I 45 

m.s. 

7.2.10 

1*45 

1-30 

m.s. 

3 * 3*13 

1*31 

1-25 

m. 

2.10. 10 

1*25 


Hence the structure of this silver amalgam was probably face-centred 
tetragonal, a = 9-05 A., c = 5-62 A., c/a « 0-62, and thus differed 
entirely from that of the gold and the two silver amalgam structures 
described above. 

The conmercial silver leaves used in these experiments were as a rule 
less contaminated by traces of mercury than the gold. Thus it was only 
in exceptional cases that the 4*48 and the 2*57 A. rings were 

visible in a pattern from the fresh leaf, and then only faintly. Neverthdess, 
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even in the case of a leaf which initially had yielded a normal silver pattern 
free from amalgam rings, heating at 190® during 15 minutes in a mercury- 
free vacuum maintained by 

an oil vapour pumping equip- TABLE IV. — Silver Amalgamated by Cubm- 
ment led to the appearance ical Displacement. 

of many amalgam rings cor- 

responding to the spacings 
given in Table III ; indeed, 
many of these amalgam rings 
were obtained from a speci- 
men after heating at only 
140® durmg 15 minutes (Fig. 

6) ; after 2 minutes at 600® 
the original silver pattern had 
been displaced by a pattern 
virtually identical with that 
from which Table III was 
compiled. In this case it is 
possible that the concentra- 
tion of the slight traces of 
amalgam which must have 
been present in the original 
leaf was due to the evapora- 
tion of the silver rather than 
to the disruption of the film 
by fusion, because it is well 
known that thin silver films 
sublimate readily at tempera- 
tures m excess of about 300®. 

As in the case of gold. 

X-ray investigation of the 
silver - mercury S3rstem by 
Murphy and Preston,* Stenbeck/ and Weryha • has yielded results which 
differ from those recorded abo\ e 

§ 5. Copper Amalgams. 

The copper leaf used in these experiments, after thinning by floating 
on an acidified ammonium persulphate bath, followed by a cyamde bath to 
remove cuprous oxide and a final washing in dis- 
tilled water, gave patterns characteristic of copper, 
nearly in the form of a thin single crystal in (i 10) 
onentation, together with the iii diffractions of 
cuprous oxide 

The pattern. Fig. 7. obtained with the speci- 
men plane tnchned to the beam, shows the result 
of initial amalgamation effected by floating the 
thinned leaf on a nearly saturated mercuric chlor- 
ide solution during 5 seconds, followed by washing 
in a C3ranide bath and in distilled water. In 
addition to numerous fainter arcs superimposed 
on the copper pattern, a prominent arced amalgam 
ring corresponding to a spacing of 2*66 A. appeared 
in the earlier stages of attack. The nature of the 
arcing shows that the amalgam crystals had one common preferred directioii 
of orientation as compared with the two possessed by the original ooppm* 
specimen ; this is confirmed by the pattern, Fig. 8. cg»tained after complete 

* Murphy and Preston, /, Inst, MsUUs, 1931, 46* 501. 

• Weryha, Z. Krist., 1933, 86, 335. 

30 


TABLE V.— Copper 
Amalgam. 


Sp«diigt,A. 

Ring 

IntflBSitisi. 

4*99 

f.m. 

4-xi 

1. 

3 * 3 fi 

m. 

2*86 

v,s. 

2*60 

t 

1*71 

m. 


t 





Spndngt 

Cawalntad 

Spndngi, 



lot ^ c. 

Ring 

Intensitioi. 

AMigned 

Indices. 

Tetragonal 

LatUoa, 




• -9 05 A 
c 5*6* A, 




dm 0*6*. 

4-22 

m. 

Ill 

4*22 

3*23 

s. 

220 

3*20 

2-8o 

m s 

002 

2*81 

2*27 

f. 

400 

2-26 

2*09 

m 

222 

2*10 

1-99 

V.S 

33 * 

*99 

1*70 

v.f. i 

402 

1*76 

1*69 

f 

I 

1*69 

*‘53 

f m 

*33 

1*56 

1-50 

\ f 

1 rtoo 

/*‘ 5 * 


i > 33 * 


1-39 

v.f 

/442 

/**39 

\oo4 

1 \i *40 

1*29 

v.f. 

550 

1*28 

125 

m s. 

640 

1*25 

l*l8 

vf 


/*‘*9 

\oo 3 

1**7 

I14 

m. 

/ 04 * 

\8oo 

/*‘I 4 

\**3 
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amalgamation with the specimen plane normal to the beam. The 2*86 A. 
ring is now exceedingly intense and by far the strongest diffraction in the 
pattern, which contains no copper rings. The spacings and ring intensities 
are given in Table V. In view of the relatively few diffractions recorded 
no significant structure can be assigned. 

§ 6. Palladium. 

The thinned palladium leaf gave good diffraction patterns in which the 
short arcs and faintness of the in diffractions testified to two well-marked 
degrees of orientation with (loo) faces in the specimen plane, the individual 
crystals aligning up towards the formation of a single ciy^stal. 

It might have been thought that, like platinum, palladium would not 
be affected by mercury at room temperature. The patterns obtained from 
the leaf after progressive exposure to mercury vapour, however, afforded 
ample evidence of some form of attack. The initial stage (Fig. 9) was 
characterised by the appearance of three rather 
diffuse rings of which the middle and most intense 
was just within the in palladium diffraction. In 
the later stages of amalgamation these diffuse rings 
became sharper and showed signs of resolution into 
several rings, whilst new and sharp rings appeared 
for the first time. Finally, the last stage of attack 
corresponding to saturation of the leaf with mer- 
cury was characterised by a multi-ringed pattern 
superimposed on the normal palladium arc pattern 
which unlike in the cases of gold, silver and copper, 
i.e, all metals which amalgamate readily, persisted 
throughout (Fig. 10). Owing to the complexity of 
this final palladium amalgam ring system no de- 
finite structure can l)e assigned at this stage. 

The fact that even a palladium leaf which had 
been exposed to mercury vapour until completely 
covered by condensed mercury and then kept in 
this stage for several hours before examination 
always gave a far stronger palladium than amalgam 
pattern suggests either that the attack by mercury 
consisted in a surface absorption, rather than in a real amalgamation of 
palladium itself, or that the amalgam rings are to be ascribed to the amal- 
gamation of impurities contained in the palladium. It is true that the 
patterns from the fresh palladium leaf showed no trace whatever of any 
foreign crystal structure, but it may well be that amalgamation suffices to 
bring into evidence impurities otherwise too slight in amount to affext the 
main diffraction pattern . 1'he spacings corre.sponding to the amalgam rings 
are given in Table VI, referred to palladium, ■“ 3*882 A. 

§ 7. Amalgamation in the Diffraction Camera. 

It is now^ a matter of experience in this laboratory that g<3l<l and silver, 
and possibly also other metals, are prone to amalgamaticm in an electron 
diffraction camera evacuated by a mercury vafxiur pump, no matter 
whether provided with a liquid-air trap or injector system, particularly 
when they are in the form of transmission specimens and thus open to 
attack from two sides. 

As a rule with gold the first signs of amalgamation, in the shape of the 
faint appearance of the most prominent amalgam ring or rings, generally 
become visible after the specimen has been in the evacuated diffraction 
camera during about i hour ; amalgamation then proceeds slowly until, 
after between about i and 2 days' scjjourn in the evacuated camera, a gold 
specimen is usuaUy completely amalgamated. In most cases such slow 
amalgamation is immaterial because the sjiecimen seldom remains in the 


TABLE VI.-Mer- 
cuRV ON Palladium. 


Spaemgs, A. 

Ring 

Intensities. 

677 

V.f. 

4*54 

L; d. 

3*34 

{, 

3*02 

f. 

2-75 

f. 

2*64 

v.f. 

2-45 

v.f. 

2*35 

f. 

1*58 

m. 

1-51 

f. 

1*48 

f. 

1*34 

f. 

1-27 

f.m. 
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camera during more than ro or 15 mins. When, however, the specimen is 
being subjected to some special treatment, such as heating in contact with 
a gas, either in situ in the camera or elsewhere, and which calls for its 
frequent re-examination, amalgamation may well occur to such an extent 
as to obscure the issues. Hence in all such work it is essential to conduct 
the structural examination in a mercury- free vacuum. Two cameras,^* the 
one depending for evacuation upon oil vapour pumps alone, the other upon 
an oil vapour backed by a mercury vapour pump, are available in this 
laboratory for this purpose and prolonged tests have now shown that no 
amalgamation of the specimen occurs in either. 

§ 8« Conclusions. 

It was pointed out in §i that the main object of these experiments was 
to obtain the information neces.sary to permit of the recognition of the 
so-called ** extra ** ring systems due to adventitious amalgamation as and 
when they might occur in patterns obtained from metal specimens heated 
in contact with gases. The results set forth above, however, make it 
abundantly clear that amalgam ring systems are in general of such com- 
plexity and vary so much between themselves according to the extent 
to which amalgamation may have proceeded that, unlike grease rings, 
their identification must always be a matter of uncertainty. Accordingly, 
in studying by electron diffraction the absorption of gases by metal films 
and surfaces, it is clearly essential to commence w^ith mcrcury-free 
specimens which, as pointed out above, can always be obtained by 
elect rodeposi lion under suitable conditions,'^ and to conduct the further 
treatment and examination in a mercury-free atmosphere. As a check 
on the realisation of such conditions, it is now our custom to carry out 
blank heating experimcnt.s and structure determinations with mcrcury^- 
frec transmission specimens of electrodeposited gold, as this metal is the 
most prone to amalgamation of those which we have so far studied. 

§ 9. Summary. 

Amalgams of gedd. silver and coppt^r and also the effect of mercury* 
vapour on palladium leaf ha\ e l>een studied by electron diffraction. 

It has l)een found tlmt gold and silver readily form a wide variety of 
amalgam structures of which three have Ihm'H successfully analysed. Thus 
gold ami silver lx)th form simple cubic amalgams a -- 17-81 and 17*94 A. 
^es|x?cti^'ely ; and tw<^ other silver amalgams, Indh of face-centred tetra- 
gonal structure, have also been rect)gnisc<i. Copj>er also amalgamates 
readily, particularly tluring the chemical displacement of me^cu^y^ but 
the structure of the most charactonstic amalgam thus formed has not been 
identified. Palladium is only partially attacketl by mercury. 

The occurrence and prevention of adventitious amalgamation during 
the ckxtroii diffraction examination and heat treatment of metallic 
specimens has tK?en discussed. 

We wish to thank the rrovemment <irant ('ommittce of the Royal 
Society and Mes.srs, Ferranti, Lid. and Imfierial diemical Industries. 
Ltd., for grants and apparatus. 
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Andrade ^ has developed a theory of the viscosity of liquids in which 
he arrives at the equations 

== Ae^f^ 

and r)V^ = e^^^ 

where -q is the viscosity of a liquid, v the specific volume, K the com- 
pressibility and A, A\ c and c' are constants. The approximate formula 
rj = Ae^f^ has been proposed independently by several authors. 

The author has shown * that the viscosity of a liquid can be re- 
presented as a function of the free space. Thus if v is the specific volume 
of a liquid and b the constant volume occupied by the molecules, then 


c 

b)* 


where r is a constant. 


For non-associated liquids n approximates to unity but is much greater 
than unity for liquids usually regarded as associated. 

Evidence was brought forward * to show that the constant c contained 
the molecular weight as a factor. The departure of n from unity was 
interpreted as being due to a certain degree of association in all liquids, 
which changes with rise of temperature, resulting in a change of the 
effective molecular weight. The equation 


KM ,ai 

^ V -- b 


was suggested, where M is the ordinary molecular weight of the substance 
and a a quantity greater than unity, depending on the degree of associa- 
tion and, in general, decreasing with rise of temperature. 

It is proposed to show that an equation of the type of Andrade can 
be developed from the above equations. 


The Internal Pressure of a Liquid. 

The quantity, v — h/is intimately connected with the internal pressure 
of a liquid, by van der Waals’ equation 

{p + 7r)(v^b)^ RT 

^ Phil. Mag., 1934, * 7 » 497 and 698. 

* “ On a relation between the viscosity of a liquid and its coefficient of ex- 
pansion/' Trans. Faraday Sac., 1923, 19, 6. 

• ** On a relation between the viscosities of liquids and their molecular weights/' 
ibid., 1925, ai, 15 1. 
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For a liquid below its boiling-point, the external pressure p is negligible 
compared with the internal pressure tt, so that, under these conditions 
we can write 

RT 

V — b 


Van der Waals suggested ^ to cover the changes of n with change 
of volume. Most authors have found it necessary to make a a function 
of temperature. Berthelot writes rr — 7 ^^ and Clausius tt = + 7 )^' 


None of these quantities when equated to 


RT 


gives a satisfactory 


agreement over any considerable range of temperature. 

The author suggests the expression tt = for the internal pressure 

of a liquid on the following general argument. The equation ^ 

assumes that, at any moment, all the molecules are contributing equally 
to the internal pressure. It is plausible to regard the internal pressure 
as l>eing almost entirely due to those molecules which, on account of 
their temporary' low velocities — lollowing the Maxwell distribution 
of velocities — have coalesced with other molecules or are in veiy" close 
association with them. The internal pressure between two such mole- 
cules would be very great compared with that betw'een two average 
molecules and might correspond to the internal pressure between two 
molecules in the solid form. It could, in fact, be represented by some 
constant quantity ng. The total internal pressure would then be ttq 
multiplied by the number of molecules at any given temperature momen- 
tarily in this condition. The number of such pairs, following Maxw'eirs 
law’, would be an exponential function of the temperature, decreasing w’ith 
rise of temperature. As a liquid can be solidified by pressure alone, the 
number would also be a function of the volume. Over the range from 
the melting-point to the boiling-point, for most liquids, a simple inverse 
function expresses the facts. The internal pressure of a liquid, from this 
point of view, is a vciy* generali.<;ed type of chemical action, wdth a very 
low energy change between a state of combination and a state of freedom. 
It is only possible under highly compressed conditions, w’hich explains 
its dependence on volume as well a.s temperature. 

It is proposed to wTite, therefore 


for the change of volume of a H(|uid with temperature. Ths expression 

contains three unknowns, namely c* and b and is of a form that can 

only be solved by trial and error. The value of t in this equation is 
identical wdth that calculated from the equation 

c 

^ ~ (t» — 

The application of equation (i) will be illustrated by octane, for which 
liquid the experimental data are available over a large range of 
temperature. 
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In the previous paper * the value of (t^ — b) at o® C. for octane, cal- 

c 

culated from the equation -q = is given as 0*0940. 

Substituting this value of v -- h, in equation (l) virtually reduces the 
unknowns to two. 

Thorpe and Rodger^ give the following equation for the specific 
volume of octane. 

Ut == I + 0*02118304/ + o*Ogi 86648/* -f 0*07X2947/*. 


Table I., column II., gives the volumes at various temperatures calculated 

from this expression. Column 
TABLE I. Ill gives the free space at 


I. 

Temp. ^C. 

11 . 

Vol. 

lit. 

(f-Wota. 

IV. 

0 

I-OOOO 

0*0940 

00953 

10 

I-OII 9 

01059 

0*1063 

20 

1*0238 

0*1178 

0*1178 

30 

2*0360 

0*1300 

0*1298 

40 

1-0485 

0*1425 

0*1424 

50 

I *061 2 

0*1552 

0*1553 

00 

I 0745 

01685 

0*1683 

70 

I *0882 

0*1822 

0*1824 

80 

1*1025 

0*1965 

0*1969 

90 

1*1174 

0*2114 

0*2II8 

100 

11331 

0*2271 

0*2271 

1 10 

1*1496 

0*2436 

0*2430 

120 

1*1670 

0*2610 

0*2592 


various temperatures, assuming 
b to be constant, e.g., t at 
1 20® is 

0*0940 + 0*1670 = 0*2610 

In column IV., v — b, is cal- 
culated from the equation 

, - =. — j 

^ B'T 
or 

R 

w'here 0*001677 

and c' — 428*5. 


As b has been considered a constant, which is probably true only to a 
first approximation, the agreement is satisfactory. 


The Effective Molecular Weight in a Liquid. 

The view' has been taken that a certain number of molecules tend, 
under the ordinary" van der Waals’ forces, to combine momentarily. 
These molecules would increase the average effective molecular weight. 
The forces which control the number of temporarily combined molecules 
are the forces w’hich ultimately cause the liquid to solidify. Combination 
of this sort will, therefore, occur in all liquids. If in addition to the 
ordinary van der Waals’ forces, there arc also polar forces present, associa- 
tion will be of a more extensive and permanent nature. The van der 
Waals’ forces in most liquids being very similar, it w'ould be impossible 
to detect this type of association by many physical methods, because it 
is the normal and inevitable condition of a liquid. The divergences 
of liquids, how'ever, from generalised laws are probably due to varying 
degrees of association. 

As with the internal pressure, we should expect the effective mole- 
cular weight to be equal to the true molecular w'eight multiplied by an 
exponential term, following Maxwell’s law, or if Mq is the true molecular 
weight, the effective molecular weight should be where r" is 

a constant. In spite of the above statement, a liquid would act in most 
physical changes as though its molecular weight were Mq, because in 

* Trans. Roy, Soc., A, 1894. 
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any interchange of molecules, those temporarily in association would 
automatically be excluded. Under great external pressure, the effective 
molecular weight would be still further increased, accounting in part for 
the great increase in viscosity of liquids under pressure. In general we 
would expect r" to be less than because two molecules would need to 
be in much closer association to move as one, than they would need to 
be to exert an internal cohesion greater than the average. 


The Viscosity of a Liquid. 

We now replace the quantity 
by the quantity so that 


We now replace the quantity A/^ain the equation === 




/Tp 


Substituting for i; — the quantity 


V — b 

RT 


( 2 ) 


from equation (l) wc have, 




ITv 


AM/q . itq . 


ITv 


RT 


T 


( 3 ) 


where 


B = and c 

A 


r' + c" 


Thi*^ is very similar to AndnuJe’s equation 

and can l)e shown to give a similar agreement between observed and 
calculated values. 


The equation rj 


AM/o • 

RT 


means that the viscosity of a liquid is directly proportional to its internal 
pressure and to the effective molecular weight and inversely proportional 
to the absolute temperature. 


it will be noted that wliereas each ol the equations rj -= 




and 

7 } — 


RT 


contains three unknowns, by eliminating f w'c 


get 


containing two unknowns. 


The application of the equation 

v-b 


to octane will now- be giv'en. The value of the free space, v — ft, is the 
same as that used for the change of volume wdth temperature namely 

0 ‘ 0940 . 

In Table 11 ., column II., gives the observed values of the viscosity 
taken from Thorpe and Rodger.* Column III. gives the values of the 
viscosity calculated from equation (2) with ^ 0*054037, c'* = I54*S 
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and V — b = 0-0940. It will be seen that the agreement between the 
observed and calculated values is within the experimental error. 


TABLE II.—OCTANE. TABLE III. 


I. 

Temp. ®C. 

11. 

’’obs. 

1 III. 

1 ’*calc. 

Temp. ®C. 

** 0 b 8 . 

'tcelc. 

Percentage 

Error. 

0 

0*00703 

0*00703 

0 

0*00703 

0*00697 

— 0*9 

10 

0*006125 

0*00614 

10 

0*006125 

o*oo6^ 

- 0*5 

20 

0*00538 

0*00537 

20 

0*00538 

0*00538 

0*0 

30 

0*004785 

0*00477 

30 

0*004785 

0*004785 

0*0 

40 

0*00428 

0*00427 

40 

0*00428 

0*00428 

0*0 

50 

0*003855 1 

0*003852 

50 

U003855 

0*003856 

0*0 

60 

0003495 

0003495 

60 

0003495 

0*003490 

~ 0*1 

70 

0*00318 

0*00318 

70 

0*00318 

0*003174 

~ 0*2 

80 

0*002905 

0*002903 

80 

0*002905 

0*002897 

~ 0*3 

90 

0*00266 

0*00266 

90 

0*00266 

0*00266 

0*0 

100 

0002445 

0002445 

100 

0002445 

0002445 

0*0 

no 

0*002255 

0*002250 

no 

0*002255 

0*002255 

0*0 

120 

0*002075 

0*002074 

120 

0*002075 

0*002085 

+ 0*5 


In applying the equation = — ^r-to the same liquid, c should of 

course be equal to c' + A separate solution has been made for each 
table so that whereas the value taken for c in Table III. is 565*5, 

c' + c" = 428*5 + 134*5 = 563*0 

The difference, therefore, is vtry small. 

In Table III. B = 0*2392 and c = 565*5. 

Comparison with Andrade’s figures for octane {loc, cit,, p. 710) shows 
that the above agreement is similar to that obtained from his equation. 
Application to other liquids reveals a similar agreement. 

As Andrade has discussed extensively the application of an equation 
of this type it is unnecessary to give further illustrations. The meaning 
of the constants in both cases must be similar. 

I wish to thank Dr. C. Coleridge Faur, F.R.S., for encouragement in 
this work. 

Physical Laboratory^ 

Canterbury Univ. College^ 

Christchurch^ 

New Zealand. 




ON THE DECOMPOSITION OF DIAZO-ACETIC 
ESTER CATALYSED BY PROTONS AND 
DEUTONS. 

By Ph. Gross, H. Steiner and F. Krauss. 

Received 13/A March, 1936. 

In this paper we record experiments on the decomposition of diazo* 
acetic ester in mixtures of heavy and light water when catalysed by 
protons and deutons, which were carried out in order to gain a better 
insight into the mechanism of such reactions. They form part of our 
investigation into the connection between kinetics and thermodynamics 
in such mixtures reported in the succeeding two papers. 

The decomposition of diazo-acctic ester is well suited for such purposes 
both for experimental and theoretical reasons. Firstly, the measure- 
ment of the reaction rate can be carried out easily on a micro-scale by 
determining the volume of nitrogen produced in the course of the reaction 
N\CH— COOCjH* + H ,0 =- HOCH,~--COOC,H5 + N,. Secondly, this 
reaction cannot, so far as we know, be taken as an example of generalised 
acid catalysis.^ In order to avoid complications we used picric acid to 
acidify the solutions. 


I. ExperimentaK 

(a) Materials. 

The ester used was purified * and redistilled in vacuo several times. The 
Nuiutions of picric acid (Merck p.a.) were prepared by mixing measured 
amounts of a standard solution of picric acid in Dfi with measured amounts 
of a 0*01 N aqueous (H, 0 ) solution of picric acid. The standard solution 
in I) ,0 w'as prepared by w^eighing out picric acid into D using a micro- 
balance The acidity and the total amount of deuterium present in the 
mixtures were computed from the concentrations and amounts of the con- 
stituents. 


(b) Apparatus and Experimental Procedure. 

The reaction vessel * w^as a bulb of about i c.c, capacity attached to the 
other parts of the apparatus by two ground joints. To avoid supersatura- 
tion a stream of the air present in the apparatus could be circulate through 
the solution. Preliminary exj>eriments in a Jena glass vessel yielded 
values markedly lower than that extrapolated for o® C. from values ascer- 
tained in older macroscopic measurements. With a vessel of quartz-glass 
these differences almost disappeared. The lower reaction rate with the 
glas.s vessel may have been due to adsorption of part of the picric acid at 
tile glass surface. 

The volume of the nitrogen evolvtHi was measured at constant pressure. 

^ 1 . N. BrOnsted» Chem, Rev., 1928, g, 251. 

* W’. Fraenkel, phrsik. Chem., 1907, 202. 

* A more detailed cfescription of the apparatus used in tliese experiments 
will be given later in Miktochemie. 

30 * 
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In each experiment there was placed in the reaction vessel first 5 c.mm. 
of ester and then 0-37 c.c. of picric acid solution, which corresponds to a 
dilution of the ester to 1-3 per cent, strength. As thermostat we employed 
a Dewar flask with ice water agitated by a current of air. 

After six to ten readings had been made the reaction vessel was im- 
mersed in water at a temperature of 30-40® C., for the purpose of completely 
decomposing the ester. After the lapse of half an hour the final volume 
was read off with the reaction vessel in an ice bath. 

II. Results. 

The values of In — - — were plotted as a function of the time 
a — y 

y denoting the reading at time /, a the initial reading. The points fit 
very well to a straight line. The velocity constants were obtained by 
dividing the slope of these lines by the picric acid concentration. In 
Table I. all the values obtained are given : — 



smaller zero point 

energy of the D substrate bond ; but one has to expect that the activa- 
tion does not take place in this bond otherwise the two effects would 
cancel each other. In both the two hitherto known cases the rates of 
reaction are about doubled, so that the increase found in the present 
instance represents the highest yet known. In this connection we want 
to emphasise that in the present case, as already mentioned, most 
certainly no generalised acid catalysis occurs. In the light of thermo* 
dynamic considerations suggested by this investigation and that of cane 
sugar inversion a somewhat more detailed analysis is given later.* 

•E. A. Moelwyn-Hughes and K. F. Bonhoeffer, Naturwiss,, 1934, 22 , 174; 
K. Schwarz, Ameiger Akad, Wiss. Wien.^ 1934, IV. 

^ W. F. K. Wynne-Jones, /. Chem. Physics, 1934, 2 , 384 ; O. Halpern, /. Chem, 
Physics, i 935 » 3 > 45 ^. See also E. A. Moelwyn-Hughes, Z. physik, Chem., {B), 1934 , 
26, 279 ; this author, however, assumes formation of a complex consisting of 
the substrate and a kydtated H (D) ion. 

♦ This number, Gross, Steiner and Suess, p. 883. 
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Summary. 

The decomposition rate of diazo-acetic ester in mixtures of light and 
heavy water catalysed by H and D ions at o° C. increases with the D con- 
tent of the solvent and is in pure heavy water about three times ais high as 
in pure light water. The increase is far from being a linear function of the 
analytical D content. 

/, Ckemisches Laboraioriunt der Universitdt, 

Wien. 


ON THE DISTRIBUTION OF PICRIC ACID BE- 
TWEEN BENZENE AND MIXTURES OF LIGHT 
AND HEAVY WATER. 

By Ph. Gross and A. Wischin. 

Received i$th March, 1936. 

In order to investigate whether inherent relations exist between the 
rate of reactions in water with changing DgO content and the conditions 
governing the equilibrium in such mixtures we measured the distribution 
of picric acid between water of various compositions and benzene. Picric 
acid is especially w'ell suited for the purposes of this investigation, as in 
dilute aqueou.s solutions the partition ratio does not differ much from 
unity and the acid can be taken ;is being perfectly dissociated. 

I. Experimental. 

(a) Materials. 

The picric acid was recrystallised several times and had been pro\'ed to 
be optically pure in previous occ:asions.* The l)enzene was free from thio- 
phene and washed with alkaline solution and with water. One part of the 
deuterium oxide was prepared by electrolysis and then redistilled in a high 
vacuum, the rest was a commercial product of neutral reaction against 
phenolphthalein. Conductivity >vatcr was used for control experiments in 
pure light water. 

(b) Method of Analysis. 

For all our experiments wc prepiired a mola) standard solution 

by weighing out picric acid into benzene. The concentration was checked 
several times. The concentration of the approximately A' /lo alkali solution 
was determined by titration with aqueous solutions of picric acid prepared 
by direct weighing. As indicator we used phenolphthalein and a standard 
solution as a basis for colour comparison. By carrrying out the titrations 
in the actual experiments in the same manner, minor systematic errors due 
possibly to the fact that not quite the right colour ^vas taken as end-point 
and that the amount of carlx>n dioxide present in the solution was dis- 
regarded are cancelled. For measuring the volume of the solutions, care- 
fully calibrated micro-pipettes of i c.c. and 0*5 c.c capacity were used and 
for titration a micro-burette • of 200 c.mm. capacity permitting readings to 
within o»5 c.mm. 

* Ph. Gross, A. Jain6k and F, Patat, SUz. Ber. A had, Wiss., U IJb, 1933, 
143, 327 ; Manatsk. Chem., 1953, ^ 3 * * *7- 

* K. Schwarz, Mikrochemie, 1933, 13, x, and r935, 18, 309. ' 
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The D ,0 percentage of the water was determined by density measure- 
ments, using the above described i c.c. pipette as a pyknometer, invariably 
filled, in a thermostat at C. 

(c) Experimental Procedure. 

All experiments were carried out in a thermostat at i8-oo ± 0*005® C. 
One c.c. of water was shaken with i c.c. of the standard solution of picric 
acid in benzene in a sealed-up tube of Jena glass for half an hour. After the 
two layers had been allowed to separate and become clear for again half an 
hour 0*5 c.c. of each of the phases were withdrawn with the pipette and 
titrated. 


II. Results. 

The results of the measurements are given in Table II. The total 
amount of picric acid should naturally equal the sum of the amounts found 
in both phases. The sum found is given in Table II. column 2. The differ- 

TABLE II. — Distribution Coefficient of Picric Acid between Benzene 
AND Water at 18° C. as a Function of the D ,0 Content of the Solvent 
Water. 



X, 

. 10*. 

. 10*. 

Z. 10*. 

A*. 

n('). 


I‘0000 

0-0000 

_ 





234-8 • 

1-00 

I-OOO 

10023 

0*0217 

1-982 

1*006 

2-987 

246-8 

X05 

0-957 

1-0274 

02556 

2*122 

0-889 

3*002 

333-5 

1-42 

0-758 

1-0469 

0*426 

2-2X8 

0*815 

3-II5 

407*7 

1-75 

0-650 

1-0520 

0*482 

2-260 

0*797 ; 

3057 

437 -* 

1-86 

0-613 

10585 

0-543 

2-245 

0-740 

2-983 

1 5000 

213 

0*544 

1*0822 

0-765 

2-395 

0-690 

3*082 

! 609-0 

2*59 

0*473 

1*0942 

0-874 

2-3fK) 

0-615 

2*971 

746-2 

3 ‘i« 

0*395 

1-1065 

0 - 99 J 

2-450 

0*557 

3006 

938-2 

3-99 

0*319 


1*000 




i 

4 05 t 

0*317 


♦ Average value. t Extrapolated. 

Djg = Density at 18^ C. referred to water at 18“ C. 

X — Analytical mole fraction of D, 0 , 

C5 Concentration of picric acid in the benzene phase in mole /litre. 

~ Concentration of picric acid in the aqueous phase in mole/litre. 

£ » Sum of the amount of picric acid found in both phases. 

K ~ Thermodynamic distribution constant s. 

VV 

Y ~ Interionic activity coefficient. 
rj {x) ~ Ratio of K to the respective constant for pure light water. 

ence between the amount of picric acid actually used (in all case.s 0*02963) 
and the values of 2 averages about i *8 per cent. The thermodynamic con- 
stant of distribution was computed from the concentration of picric acid 
in water {c„) and in benzene (c^) with the help of the activity coefficient of 
picric acid determined with the aid of the well-known Debyc-Hiickel 
formula. According to this formula we have at 18*^ C,: log ^ =* Vc^ 
The value given in the table for pure light water is a mean value of 10 
independent measurements all carried out on a micro scale. The average 
error in any single measurement was 1*4 per cent. The difference be- 
tween the value obtained in these blank experiments and that calculated ^ 

’ Ph. Gross and O. Halpcrn, Pkysik^ Z., igz4, 25« 393. 
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from the results of the experiments made by Rothmund and Drucker ® 
(showing an error of 1*4 per cent, in K and of 0*6 per cent, in 2) is about 
4*3 per cent. In our opinion this minor difference is systematic and may 
perhaps be due to the fact that our experiments were carried out on a 
micro-scale. It should be noted that all the 2 values arc greater than the 
amount of picric acid actually used and that these differences are of the 
same order of magnitude as the differences between the present value and 
the value found by Rothmund and Drucker. Therefore the ratio KjK^^ 
may have a small error. 


III. Discussion and Theory. 

Ihe change which the distribution of picric acid undergoes when pure 
heavy water is substituted for pure light water as solvent, is attributable 
to a change in dissociation energ>'. This change is due to the fact that 
the zero point energy of the H- and Ddinkage in the initial and end 
states of the reactions 


H picratc 4 H,0 4- picric ion 

1) picrate 4* D^O ^ D3O* 4 - picric ion 

differ from each other. We beli^^ve it to be a justifiable assumption that 
the solubility of the iindissociated molecules does not change. This 
diminution of the dissociation constant has been obscr\'cd already in the 
case of water and of acetic acid and is to be expected in view of Halpern’s 
theoretical treatment • of this question in all cases in which the dis- 
sociation constant (when expressed in moles /litre) is less tlian approxi- 
mately the number of water molecules in a litre. 

The following treatment will be an aid to understanding the depend- 
ence of the distribution coefficient on the composition of water. 

If h and d dent)te the activities of protons and deutons respeclivelv, 
wx* have. acr<»rding to the reaction 2H* 4- D^O = 21)* 4- HjO : 


t i I ^HtO 


(i.i) 


In this ^H^and a^^pdenotc theactivities ot HjO and DgO respectively, and 
q is a constant. \Vc now limit ourselves to solutions which are so dilute 
that the mole fraction of the water molecules linked to H- or D-ions (HjO, 
H,DO, HD, 0 , D,0) is small compared with the mole fraction of the 
corresponding free water molecules (H, 0 , MDO, D, 0 ). Then the proton 
activity is notiiing but the product of the following two factors : (a) 
picric ion activity and \h) a function of the D^O content. The activity 
of picric ions equals the product of the analytical concentration of picric 
acid P and the inlerionic activity coefficient y, because the acid can be 
regarded as perfectly dissociated. Thus 


and similarly 

d=^P.^ym-Y, ■ . . ( 1 . 3 ) 

if X denotes the analytical mole fraction of Dj| 0 , and ip(x) and Q{x) 
denote different functions of .v. A comparison of {1.2) and (1.3) with 

• V. Rothmund and C. Drucker, Z, physih. Chtm,, 1903, 46, 827. 

’ O, HaJpem, /. Chtm, Physics., 1935. 3* 450. 
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(l.i) shows that ^{x) is proportional to the square root of the H,0 
activity, ^{x) is proportional to the square root of the D |0 activity. 
The proportion constant is taken to be unity. According to the usual 
practice we define the proton activity in pure light water at the reference 
temperature as h ^ P and similarly the deuton activity in pure 
heavy water d P , y. Then we have 

Q{o) = I. ^(o) = I. 

Q(l)=q. ^(l) = l. 

The value of the equilibrium constant 

I = ■■ . . . . (2) 

<*HtO * ^DtO 

is essentially dependent on the difference between the zero point energies.'® 
The heat of reaction experimentally found " gives a value of L = 3 * 97 . 
If we therefore assume that L is about 4 and furthermore that the associa- 
ation of the water molecules does not change the equilibrium we can take 
the activities to be identical with the mole fractions of the individual 
types of water molecules. Thus 


'>H.O = (* - *)*. 

. . (3-1) 

«HDO = 2X{^ -X), . 

• (3-2) 


. (3-3) 

Thus we have instead of (I'l), (i’2) and (i'3) : 


h I I — X 

. . I.l') 

d~~q X ’ ' 


• • (1-2') 

i = . . 

. . ( 1 . 3 ') 


For the distribution of picric acid between benzene and pure light water 


the following relation holds : 



. (4.1) 

and similarly for pure heavy water : 


II 

. (4-2) 


Here Ki and A\ denote the distribution constants of picric acid between 
benzene and pure light or pure heavy water respectively, Ci and Cj^ the 
concentration of light and heavy picric acid, respectively, in benzene. 
From ( 4 * 1 ) and ( 4 - 2 ) we obtain the dependency of the distribution con^ 
stant on the composition of the water. The ratio of this constant to the 
constant in pure light water is therefore 

’iW y^p^Ki ^ -*’(1 — ? . ^(l))] ; — ^*1 + (5) 

B. Topley and H. Eyring, J, Chem, Physics, 1934, ** 7 * 

“ E. Dochlemann and E. Lange. Z. Elehtrochem., 1935, 41, 539, 
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The value of q can be computed from “ 

I /f- {«H ~ *d)'^ 

therein M = = 3-04 and N = = 3'26 denote 

equilibrium constants and ch— «d= 3*4 X 10“-* Volt, the normal potential 
difference,^* the numerical values holding at room temperature (21® C.). 
Not even a considerable error in this difference would change the value of 
q appreciably. 

We calculated a series of points of the function Q{x) governing the 
equilibrium of the different water ions from our distribution measure- 
ments for the corresponding values of x with the help of the above given 
value of q and plotted them against ir in a graph reproduced in the next 
paper ( iross, Steiner and Suess (p. 886), where there also is given another 
method of calculating’ the function Q{x). For this reason and for the 
sake of brevity a more detailed combined discussion has been reserved 
for this later paper. 


Summary. 

The distribution of picric acid between benzene and mixtures of light 
and heavy water at 18® C. has been measured. The distribution coefficient 
increases with the D ,0 content but not linearly. The value of the distribu- 
tion constant in pure heavy water is about four times as great as in pure 
light water. This effect is’ due to the differences between the zero point 
energies in the various D- and H-linkages. The dependence of the dis- 
tribution constant on the composition of the water is treated from the 
standpoint of thermodynamics. 

/. Chemischts I^boratarium der Universtdt 
Wien. 

** See O. Hah)ern and Ph. Gross, J. Chem. Physics, i<)35, 3* 454, equation (ii), 
K. Abel, E. Bratu and O. Kedlich, Z, physik. Chem. (A), 1935. 173, 360. 


THE INVERSION OF CANE SUGAR IN MIXTURES 
OF LIGHT AND HEAVY WATER. 

By Pk. Gross, H. Steiner and H. Suess, 

Received xyh March, 1936. 

This paper deals with cane sugar inversion in mixtures of light and 
heavy water. After an account of the experiments made we pass on to 
an attempt to carry out as general as possible an analysis of the equi- 
libria in which the ions of “ water ” participate. On the strength of 
this analysis it becomes possible, in conjunction with the experiments 
carried out, to draw conclusions as to the mechanism of reactions 
catalysed by hydrogen ions. 
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I. Experimental. 

All solutions were prepared in the following manner : To o*2 g. of water, 
the isotopic composition of which was determined by density measurement, 
we added, with ^e aid of a micro-pipette, a measured amount of approxi- 
mately 7 N sulphuric acid of known concentration. To the approximately 
0*3 N sulphuric acid thus obtained we added an accurately weighed out 
quantity of cane sugar (approximately lo per cent, by weight). In experi- 
ment 6 we employed the corresponding quantity of titrated concentrated 
sulphuric acid instead of the 7 N acid. In ascertaining the total D content, 
allowance was made for the dilution due to the addition of sulphuric acid 
and sugar. For measurement of the optical rotation we employed a polari- 
meter capable of reading to within o*oi° and a micro- tube of 5 cm. length 
and I mm. diameter. The source of light was a sodium discharge lamp of 
high brilliancy. Each polarimeter reading represents the average of three 
independent settings. The experiments were carried out in a thermostat at 
25 =fc 0*05® C., the micro-polarimeter tube being removed just for the short 
time of readings. As the tube was not equipped with a jacket the room 
was heated to 25° C. At the start, readings were taken eveiy’^ 20 minutes 
and were continued until no alteration in the rotation could be detected for 
several hours on end. From the last of the values obtained we deduced the 
initial concentration. 

The constants were obtained in the usual graphical manner, the single 
points fitting very well to a straight line. 

U. Results. 

Table III. gives the results of all experiments and tlic value> tor 
pure heavy water extrapolated therefrom. 


TABLE III.— The Inversion Rate of Cane Sugar at 25' C. as a Function 
OF THE D ,0 Content of the Solvent Water. 



r 

dS 

1 


X. 

P . 

1 


1 {(*)■ 

j 

1 

0*000 


5-»5 t 

1*00 

1 1*000 

0*225 

0*262 

5*72 

T*II 

0-831 

0*447 

0*333 

6*24 

1*21 

0*700 

0*666 

0*280 

707 

1*37 

0*563 

0*842 

0*287 

i 

t*63 

0*437 

0*984 

0*213 

10-37 

2*01 

0*330 

1*000 



2 05 ♦ 

0*317 


♦ Hn mmutcft. | Average value. J Extrapolated. 

X ™ Analytic mole fraction of D, 0 . 

P = Analytic concentration of stUpburic acid in aequiv. /litre. 


If the values for be plotted against x they will be found to lie 

on a continuous curve the form of which permits extrapolation of the 
value {(i) == 2*05 for pure heavy water without danger of a serious error. 
Between this value and that arrived at by Moelwyn* Hughes ^ there is 
a difference which is obviously greater than the respective experimental 

E. A. Moelwyn-Hnghes, 2 , physih. Chem.. 1934, ^ 7 ^- 
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errors. As yet we have had no opportunity of going into the question 
of this discrepancy. It may possibly be due to the difference in con- 
centration between the catalysts used. 


III. Theoretical Discussion. 

(a) Preliminary Remarks. 

The alteration in the rate of reactions catalysed by hydrogen ions on 
passing from light to he.ivy water as solvent has been attributed to the 
difference between the concentrations of the reacting complex. This 
complex consists of the substrate to w^hich there is linked in the one 
case an H ion, in the other case a D ion. Proceeding from this assump- 
tion, the dependence of the reaction rate on the D^O content of the 
solvent is completely described by the thermodynamic conditions, 
provided the following pre-suppositions are in accordance writh fact : 

1. That the decomjjosition constant is unaffected by the medium, 
i.e., that the reaction w’ith the water takes place, either after each 
activation in the narrower sense, or just as readily with HjO as w’ith 
DgO (the contribution of the zero point energy^ of the water molecule 
non-existent or negligible or cancelled). 

2. That the concentration of the complex is invariably the equilib- 
rium concentration, i.e. the rale of formation of the complex is great 
in comparison with the reaction rate. 

Assuming these pre-suppositions to be justified the following equation 
holds for the reaction rate : 


d 5 _ , h , S . . d . S 


• (6) 


Wc now use the same notation as before : fi and d for the activities of 
proton and deuton respectively, y for the intcrionic activity coefficient. 
In addition k; and .stand for the reaction constants in pure light and 
pure heavy water, and A’/ and for the dissociation constants of the 
reacting complex ; 5 denotes the concentration of the substrate. From 
this equation w’e obtain (with the help of equations (l’2') and (l*3')) 
for the ratio betw^een the reaction constant for any desired composition 
of water and the reaction constant for pure light water : 




ds 

dt 


K/ 


P . .S' . k 


I 

'Q(x) 


X[\ —q, {(I}'- C(u 


k] ’ A\' 


( 7 ) 


In perfect analogy with the thermodynamics of picric acid distribution 
the function Q(x) can be computed from the function {(x). We cal- 
culated the values for the function Q{x) on the one hand from the as- 
certained values for picric acid distribution, and on the other hand from 
measurements of the reaction rates of diazo-acetic ester decomposition 
and of cane sugar inversion, and plotted them in the diagram (Fig. i) 
against the DgO content of the solvent. All the experiments ought of 
course to have been carried out at the same temperature. Since this, 
however, was not possible for experimental reasons, the temperature 
differences are for the time being neglected on the assumption that the 
temperature coefficients of the constants concerned are so small that 


Wc refer to equations of the preceding paper by number only. 
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the deviation within the range of temperature involved is of subsidiary 
significance. 

It will be seen that the course of the function Q{x) obtained in the 
case of the decomposition of diazo-acetic ester is the same as that ob- 
tained in the case of picric acid distribution. This agreement is hardly 
affected by the numerical value of the constant q. We conclude from 
this agreement that, in the case of the ester decomposition, the above- 
mentioned pre-suppositions are very fairly true so that the analogy 
emphasised by Halpem is indeed perfect. 

The same agreement would of course follow from the assumption of 
a bimolecular collision mechanism in which the reaction rate constants 

/oo 




! QW 

j 

‘50 


Z5 

£5 -50 ’7S too 

O Points compyttd from duttibi^/on ptcn^ oad 
^Pointi computid from dusmposttion of dtozo ocottc tsttr 
OPotnTs computed from int/trsfon of Cant 

Fig. I. 

are inverse proportional to the equilibrium constants. This, how^ever, 
is hardly probable and merely ad hoc. 

(b) Calculation of the Ionic Equilibria in Water* 

Before discussing the deviations occurring in cane sugar inversion 
we will give a more detailed statement of the physical significance of the 
function Q{x), the more general bearing of which proceeds clearly from 
the agreement found in the two cases just mentioned. For this purpose 
it is assumed that the ions H,0’, H^DO’, HD,0* and D,0* arc actually 
present. 

Then, on the truly very general assumptions made in the preceding 
paper, the most general form of the equilibrium conditions is : 

O. Halpem. J. Chem. Physics,, 1935. 3, 456. 

See J. N. BrOnsted, Chtm. Rev., 1928, 318, 
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A ■ «HiO 


( H.DO-].y 3 

h . <Ihdo 2 
[ HD. 0 - 1 . y 


'ir. 


h . aj ,,0 




and 
h . oh 

^HtO 

h . od 
^Hr>o 



^ £* 

2 r. 


(8.1) 

(8.2) 

(8.3) 

(10.1) 

( 10 . 2 ) 


1 HD «01 ■ y 3 , 

^ • %D0 ^ * 

fH,DOry 

— — ^ 3 ^^ 

a , %,o 


d.oh 

^HDO 

d . od 

^DaO 


^11 


^ Ii 

2 5, 


= * 


it 


(9.1) 

(9-2) 

( 9 - 3 ) 


(«o. 3 ) 

(10.4) 


if we denote the mole fractions by the respective chemical symbols in 
brackets, the activities of the hydroxyl ions by oh and od^ and if the 
r, s and k are constants. 

In this connexion the same assumption is made as to the units of the 
activities as was made in the previous paper, which of course does not 
detract from the universal character of these equations. 

By comparing (9.3)/(8-2) and (9.2)/(8.3) with (i.i) and (2) we find 


And if we assume 
it follows that 






(n.i) 
(1 1.2) 


Since account has been taken of the statistical weights by introducing 
the numerical factors it would appear obvious to assume that the con- 
stants r and .v are equal to unity. This, however, w’ould lead to con- 
sequences in contradiction with facts, as. e.g,, a glance at (11.2) show^s. 
On this assumption the cane sugar inversion also would be linearly 
dependent on concentration. The deviations from the linear and con- 
siderations connected with this train of thought (see equations lo) led 
us to conclude that the dissociation constants of heavy and light w^ater 
are unequal,^® The assumption r ^ 5 = i is therefore mistaken. It 
is only admissible to assume that the constants r and $ are of the order of 
magnitude of unity. 

Proceeding from the condition of electro-neutrality we get with the 
aid of the equations (r.i'), (1.2'), (3.1) - (3.3), (8.1) — (8.3) and (9.1) 


Q{x) = I _ 3^( r _ r,) -f 3^*( I _ 2r g + r,) - .!•»( 1 - 3r, + 3r, - ( 1 2) 

If w’c choose =» 0*50 and r, = 0*64 we obtain the curve which is 
shown in Fig. I as a thick line and which fits best the ascertained values* 
For Si and wh’ thus obtain with the help of q ^ 0*317 the values « 
2-02 and Sf ^ 1*59. 

It would naturally appear desirable to obtain, in addition to purely 
experimental data, theoretical indications for determining the constants, 


H. Wegseheider, Monaish Ckcm., 1S95. 16, 153. 

See Ph, Gross, H. Suess and H. Steiner, Naiurwiss., 1934, aa, 662. 
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especially seeing that the experimental determination of the constants; 
Y is based on measurements carried out on a micro-scale and therefore 
not very accurate. The most plausible assumption for this purpose, 
having regard only to the different symmetries of the ions HjO* , 
HjDO* and HDgO’, would be that = v r, and 5 ^ — This 

assumption simplifies the function Q(x) to 

Q{x) = [l — .r{i — 

The curve representing this function is shown as a thin line in Fig. I. 
It will be seen that the two curv^es do not differ much one from the other. 

(c) On the Mechanism of the Inversion of Cane Sugar and 
Similar Reactions. 

In the case of cane sugar inversion there occur systematic deviations 
which are small but obviously outside the limits of experimental error. 
These may be due to the fact that we used sulphuric acid as catalyst and 
regarded it as being completely dissociated. If this brings about too 
great an error the change in the degree of dissociation of HSOi"* ions 
with changing DjO content should have been allowed for. Since the 
value of (i) has been found to be independent of the catalysing acid 
(DCl or D2SO4), albeit with a smaller concentration, it seems that thifv 
effect is not of great influence. 

Further, it might be assumed that we are here concerned with a 
quantum mechanical resonance effect, similar to that in the case of the 
conductivity of hydrogen ions in mixtures of heavy and light water, which 
effect would be at its weakest in mixtures of approximately equal parts. ^ 
This possibility cannot, it is true, be precluded with certainty, but we are 
not entitled to draw any conclusions in favour of sucli an effect from the 
mere fact that the ascertained values deviate most markedly just in 
mixtures of equal parts, since, by definition, there must be agreement 
in the endpoints. 

Finally we have to discuss the consequences when one of the above 
mentioned pre-suppositions is not justified. This discussion is of more 
general theoretical importance* 

If the calculation is carried out on the assumption that the true activa- 
tion energy of the reacting partners is different owing to the difference 
of the zero point energies, the function Q{x^ will be found to be 

= --^( 1 ±*)] • (J 4 > 

b denoting tlie relative difference between the true velocity constants. If 
one inserts for b a value of the order of magnitude of that found experi* 
mentally in the ca.se of enzymatic cane sugar inversion,*® 1.^. i l/4 the 
deviations remain systematic and approximately of the same magnitude 
as before. 

♦ This is actually the fact in the case of H and 1 .) ion mobility. The con- 
ductivity of a strong acid is not a linear function of the 0,0 content. If the 
relative deviations from the straight line passing through the end points be plotted 
against the DjO content in accordance with the experiments earned out by W. N. 
Baker and V. K. la Mer {/. Chem, Pkyaics., 1955, 3* 406) (at 26® C.) a nearly para- 
bolic curve results with the maximum at about x « 0^5. If the same is done 
in accordance with our own experiments (Sitzbtr, Akad. WiiHf II b, 1935 * 

* 44 * 243; Monatsh. Chem., 1935. 66* in) carried out on a micro scale and at a 
different temperature (x8" C.) practically the same curve is obtained. 

•® E. W. R. Steacie, Z, phystk. Chem. (B), 1934. b. 
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If the other pre-supposition is not in accordance with fact the con- 
centrcUion of the complex actually obtaining is not invariably the equilibrium 
concentration, and the reaction rate is therefore not governed by the equili- 
brium concentration. This will be the case if generalised acid catalysis 
occurs}^ Moreover agreement with thermodynamics is not to be expected 
in the second case treated by Halpem.^* In this case the complex con- 
cerned (the concentration of which is very small), behaves like an ex- 
tremely strong acid. What would be expected is generalised acid cata- 
lysis, the formation of the complex being the rate determining step. A 
lessening of the reaction rate has, indeed, been found in the case of 
mutarotation of glucose** which is a thoroughly investigated example of 
generalised acid catalysis.® 

An indication that in the special case of cane sugar inversion, general- 
ised acid catalysis also plays a part, and that therefore the second pre- 
supposition is not quite justified, is supplied by experiments of Hantzsch 
and Weissberger ® which have been discussed by Hammet and Paul.® 

In any event, the dev^iations arc of minor importance and the experi- 
ments corroborate the view that the increase in reaction rate is due to an 
increase in the concentration of the reacting complex, and that on this 
•effect there is superposed a further effect which may possibly be closely 
connected with other irregularities met with in cane sugar inversion.® 

Summary. 

The inversion rate of cane sugar in mixtures of light and heavy water 
at 25" C. was measured and was found to increase with the D,0 content, 
but not linearly. The increase in rate of this reaction and of the decom- 
pi>sition of dia2c.>-acetic ester is attributed to an increase in concentration 
of the reacting complexes. \ quantity proportional to the concentration 
of the complex can be computed according to a thermodjmamic formula 
which is given and di.scussed. The decomposition of diazo-acetic ester is in 
complete agrei'ment with the thec>r\' given. In the case of cane sugar in- 
version, there appear deviations which are small but obviously systematic, 
their possible causes arc discussed. The relatif)ns between gener^ised acid 
catalysis and proton catalysis and the decrease and increase of the rate of 
protolytic reactions in heavy ^^*ater, respectively, are discussed. 

One of the authors (Ph. Ci.) is ver>' much indebted to the \"an’t Hoff 
Fonds for a financial grant from which the cost of carrying out these in- 
vestigations was in part defrayed. 

We are also very much indebted to Miss K. Schiff, D.Phil., for her 
valuable assistance in discussing and preparing these papers. 

/. Chemisches Laboratorium der Universitdt, 

Wien. 

^ J. N. Br6nstevi. Chem Rev., 1928, 5, 231. 

•• E, A. Moelwyn- Hughes, R, Klar and K. F. Bonhoeffer, Z. phystk, Chem. 
M)* *934. **3; F. Paesu, J. Amer. Chem, Soc., 1933, 55» ^>5^* sind 1934. 
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*• J. X. BrOnsted and 1. E. Guggenheim. J. Amer. Chem. Soc., 1927. 49, 2554. 

A. Hantzsch and Weissberger. Z. phystk. Chew., 19-27 251. 

** L. P. Hammet and M. A, Paul, J. Amer. Chem. Hoc.. 1934* On 

the other hand sec C, M. Jones and W. C. McC. 1..6Wis, J. Chem. Soc., 1920, 117, 
1120. 

•• E. A. Moelwyn -Hughes, Z. physik. Chem. (B), I934« 281, 



THE SURFACE COMPOSITION OF THE RUBBER 
GLOBULES IN HEVEA LATEX. 

By I. Kemp and D. F. Twiss. 

Received i 6 th Match, 1936. 

The latex of Hevea hrasiliensis consists of rubber globules suspended 
in a serum containing proteins, rubber “ resin ** {i,e, acetone-soluble 
substances) and methylinositol, together with smaller quantities of 
sugars and saline substances. The so-called resin ” of rubber has been 
shown by Whitby, Dolid and Yorston ^ to consist mainly of unsaturated 
fatty acids together with other fatty acids and sterols. As mentioned 
later the protein and fatty acids possibly may be partly in some form 
of association. 

The colloidal properties of the latex will depend largely upon the 
amounts of the capillary-active substances (i.e. mainly proteins and 
“ resin ’*) adsorbed at the surface of the rubber globules. The influence 
of the protein on the behaviour of latex appears first to have been recog- 
nised by Weber.* Although Weber made his investigations with Castilloa 
latex and, contrary to present ideas, regarded the rubber in the latex 
globules as incompletely polymerised, his view*s on the existence of a 
surface film of protein steadily received wider acceptance, and it was 
early realised that they would apply also to the case of Hevea latex 
(which to-day is of paramount importance) although not to all natural 
latices generally. 

This extension of the original observations was clearly stated by 
de Vries.* 

The rubber “ resin ** on the other hand, judging by the experiments 
of Freundlich and Hauser,* of Scholz,* and of de Vries and Beum^e- 
Nieuwdand * has little influence on the stability or behaviour of Hevea 
latex. Subsequently, however, Beumee-Nieuwland * has postulated 
the presence of an adsorbed lipoid layer in addition to the adsorbed 
protein. This theory has been further elaborated by Belgrave * and 
van Rossem * who assume the adsorption of a lipoid-protein complex. 

The recent rapid extension of latcx-procc.sses for rubber manufacture 
involving the need for initial stabilisation of Hevea latex and later ad- 
justment of its stability to various degrees as necessary for diflerent 
methods of use renders desirable as exact knowledge as possible of the 
eharacter of the active protective substances in commercial latex. 

^ Whitby, Dolid and Yorston, J.C.S., 1926, 144S. 

* Weber, Gummi Z., 1903, 17, 652 ; Ber., 1903, 36, 3108. 

• De Vries, Estate Rubber (Druk Ruygrok and Co., Batavia), 1920, j>p. 152-155 ; 
see also Belgrave, Malayan Agtic. J., 1923, ii, 348 ; van Rossem, /. Soc, Chtm. 
Ind., 1925. 44, 36T. 

* Freundlich and Hauser, Roll. Z., 1925, 36, 19. 

* Scholz, Kautschuk, 1928, 4, 5. 

• De Vries and Beumde-NieuwJand, Arch. RubbenuHuur, 1927, ll» 498. 

’ Beumee-Nieuwland, ibid., 1929, 13, 555. 

• Belgrave, Malayan A gric. ]., 1925. 13, 369. 

•Van Rossem, Colloid ChAnistryt by J, Alexander (Chemical Catalog. Co.)» 
Vol. IV., 235 (1932). 
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The object of this paper is to describe the experimental determina- 
tion of the fractions of the exposed surface of the rubber globule* com- 
posed of protein and rubber “ resin/* The method employed is based 
upon the assumption that the resultant surface-charge density of a 
composite colloidal particle depends upon the surface-charge densities 
of the capillary-active substances adsorbed at the particle surface, and 
upon the fractions of the surface area occupied by those substances. 
In the case of the globules in Hevea latex, the rubber hydrocarbon 
surface is more or less occupied by a covering of protein or fatty-acid 
character. Thus if /^, /p be the fractions of the surface covered with 
protein and with “ rubber-resin ” respectively, /|^ be the fraction of 
uncovered rubber surface, and a,, cry, be the surface-charge densities 
of the protein, ** resin ** and rubber surfaces respectively, then it is as- 
sumed that the resultant surface-charge density of the latex globule will be 

” =* ‘'f/f + OrIh • • • • (I) 

or, <r - ffR = {a„ — 0 ^)/, -I- (a^ — otr)/,-. . . ( 2 ) 

It has previously been shown (Kemp^®) that the relation between 
the cataphoretic mobility of a particle and its surface-charge density 
can be satisfactorily expressed by the equation of Henry, 


u = 


or 

1 


Ka 

I -f Ka 


f{Ka) 


(3) 


where u denotes the cataphoretic mobility, o the surface-charge density, 
71 the coefficient of viscosity of the solution, a the radius of the particle, 
K is proportional to the square root of the ionic strength, and /(#ca) is a 
function of ku. It follows from equation (3) that when the value of 
Ka exceeds KK), the variation of mobility with particle-size is, for the 
present purposes, negligible, and in this case the mobilities of different 
particles arc proportional to their surface-charge densities. 

TJius equation (2) becciines 

(u - Wr) - (M, - -f [Up - U^)fp . . (4) 

where n, Up, Uy, are the oat af diuretic mobilities of particles of latex- 
rubber, of protein, of ** resin ” and of rubber hydrocarbon respectively. 

The values of these ditTerent mobilities will depend upon the ionic 
environment of the particles. Thus, in one particular environment we 
have 

(li' — -- [lip iq/ * • v5) 

.ind in a second environment, providing /p, fy remain unchanged, 

(u'* - — Hn'Jp + W' — • • 1^) 

Since the values of the mobilities in the two caises are readily deter- 
mined by experiment, the value of /p and fy can be calculated. 

In practice, the method was applied by determining the mobility— 
relations in buffer solutions of ionic strength 0*01 for particles of pure 
rubber hydrocarbon, of protein, of “ resin ** and of latex-rubber. The 
value of Ka was in no case less than 150, so that the effect of small 
variations in the particle size could be neglected. 


Kemp, 7'rans, Faraday Soc,, I935» J347* 

Henry, Proc, Roy. S<k.. 193 ^ >33» 
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Experimental. 

The measurements of electrophoretic mobility were made with a 
micro-cataphoresis apparatus of the capillary-tube type, in conjunction 
with a slit-ultramicroscope. Determinations oi pn were made by means 
of an antimony electrode. 


The Rubber Hydrocarbon. 

Crepe-rubber was extracted with acetone for 96 hours to eliminate the 
“resin." The rubber was then dissolved in chloroform and emulsified 
with alcohol and water containing caustic soda, the final concentration of 
alkali being approximately norm^. The emulsion was repeatedly shaken 
with fresh quantities of caustic soda solution in order to free the rubber 
from proteins. The emulsion was hnally washed until the pu of the 
washings was less than 8. The emulsion was then stabilised with a little 



Fig. I. — Constituent colloids of latex in solutions of ionic strength o-oi. 


ammonia, the p^ being 9, and shaken vigorou dy with water. The aqueous 
dispersion of the purified rubber was then boiled under reduced pressure 
to remove the volatile solvents. The properties of the rubber dispersion 
were not affected by this boiling, since similar mobility values were obtained 
with dispersions from which the solvents had been removed by aeration. 

The results for the dispersion of the rubber hydrocarbon are shown 
in Fig. I, as curve 3. It >vill be seen that as the p^ is decreased, the nega- 
tive charge on the rubber globules falls owing to the adsorption of hydrogen 
ions, and finally the charge becomes zero at ;p|) ^'4 ±0*1. 

The Protein of Latex. 

Ammonia-preserved plantation latex of 35 per cent, concentration 
was coagulated by dilute acetic acid, and the clear filtered " serum 
was saturated with ammonium sulphate to precipitate the protein. The 
precipitate w^ filtered off, redissolved in acid of p^ 2-0, and reprocipitated 
with ammonium sulphate. The precipitate was collected, dissolved in 
water, and the excess electrolyte was removed by electrodialysis. 

In order to determine the cataphoretic mobility of the protein, it was 
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necessary to make measurements with protein-covered silica particles, 
since the protein does not give sols containing visible particles. The 
results are given in Fig. i (curve i). The isoelectric point of the protein 
or mixture of proteins in the solutions employed is 4 40 i 0*07. 

The Rubber-Resin/’ 

The acetone solution of resin *’ obtained in the preparation of the 
rubber hydrocarbon was mixed with distilled water to give a dispersion 
of the rubber-resin," excess acetone being removed by aeration. The 
mobility— relation for " resin " particles is expressed as curve 2 of Fig. i. 
The negative charge on the particles is due in part to the ionisation of the 
acids in the " resin," and partly to ionic adsQrption. Thus, as the 
is decreased, the ionisation of the acids is repressed, and in sufficiently 
acid solutions the adsorption of hydrogen ions is sufficient to reverse the 
charge, the isoelectric reaction being p„ 2-1 i 01. 

The Latex. 

Measurements were made with ammonia-preserved Hevea latex, of 
total sK^lid content 39* i gram.s/ioo c.c., about five months after tapping. 



Fig. 2.— Diluted plantation latex in solutions of ionic strength 0*01. 

X Acetate buffers ; Q Phosphate buffers. 

Curve ... 1 - 3 45h7i> 

Cone, of I.atex j>er cent. 0 0016 o ooS 0 39 i-iS 3-91 6*76 8*98 19*5 

JLatices of various concentrations were prepared by diluting this plantation 
latex, and, in the case of the higher concentrations of latex, ionic impurities 
were removed by electrodialysis with a collodion membrane. The results 
are given in Fig. 2. From the graphs it will be seen that the cataphoretic 
behaviour of latex depends upon the degree of dilution. 

Both the slope of the mobility— pH curve, and the isoelectric point of 
the latex dispersion are dependent upon the latex concentration. For 
low concentrations of latex, it was possible to make measurements over 
a large range, hut for higher concentrations, the measurement of mobiiit}*^ 
became difficult in solutions of pn > 7, since usually in such solutions no 
^gregation of the latex globules took place, and owii\g to the large number 
of globules present, the intensity of reflected and diffracted light was too 
great for convenient observation. 
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Discussion. 

The slopes of the mobility curves for latex of low concentrations 
are appreciably greater than those for the rubber hydrocarbon, the 
protein, and the ** resin,** indicating that the amounts of protein and 
of “ resin ** on the rubber surface may change continuously with p^. 
Thus the solubilities of these two substances increase with and con- 
sequently in highly diluted latex, the rubber particles may be quite 
uncovered in alkaline solutions (Fig. 2, Curve l). 

In acid solutions (/>h about 4) the curves 3, 4, 5 of Fig. 2 indicate mobil- 
ities which are somewhat greater than those given by the protein curve 
(Fig. I, curve i). There is thus a slight discrepancy from the theory, 
since it would be expected that the slopes of the curves for latex would 
begin to fall on the acid side of the isoelectric points. 

As the latex concentration is increased, the mobility— />j| curve 
approaches more nearly that of the protein, showing that the fraction 
of the globule surface covered with protein increases as the concentration 
of protein is increased. The curves for the highly diluted latex do not, 
therefore, obey the equation for the mobility —/>j| slopes 


/ du 



_ dMR\ 

f M 



(ipa/ ■ ■ 

Vdpn 

dpiiJ 


dpnJ 


hence the values of /„ and /p cannot be derived from substitution in 
equations (5) and (6). 

However, by a method of successive approximations, the valuc.s of 
/p and /p for the “ average ’* latex globule at a given can he calculated. 
At a particular the values of u, Wp, Wp, can be mea.sured, and, in 
addition, the approximate values of /p and /p can be obtained from the 
measured values of the mobilities, since near the isoelectric point, when 
the latex cur\x approaches the protein curve, we assume 


u 


» - 

tt, - Mr 


and /,. = 1 % fp, 


and by substituting these values in the equation (7), it is possible to 
obtain the theoretical value of 6 ujdp^ at the pn of measurement, since 
the slopes of the other curves are known at this p^. From the approx- 
imate equation (7) and the more exact equation (4), the values of fp 
and /p can be obtained. The mobilities in equation (4) arc correct to 
± 5 7 cent., the slopes substituted in equation (7) arc measurable 

to i 10 — 15 per cent., and the approximate values of fp and /p can be 
calculated to ± 10 per cent, near the isoelectric point. The errors in 
the final values of fp and /p vary with the p^^ for the lower concentrations 
of latex, but do not exceed ± lo per cent, at p^ 7. The errors are 
greater in the case of curves I and 2 of Fig. 2, where the protein covering 
appears to be incomplete at the isoelectric point. 

By this method the change in the surface composition of the “ aver- 
age ” rubber globule in latex with varying p^ could be obtained. The 
results are shown in Figs. 3 and 4. 

In Fig. 5 is shown the variation in the surface composition of the 
“ average ’* rubber-globule at pn 8*0 as a function of the concentration 
of latex. It will be noted that the extreme surface of the “ average ** 
rubber globule is entirely composed of protein at this />|| w^hen the 
concentration has risen to about 12 per cent, total-solids content. 
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Hence, the outer surface of the rubber globules in ordinary undiluted 
Hevea latex at 8*0 is entirely of protein character, and the slope of 
the fp — curve indicates that they are still completely covered at the 



/// 

Fig. 3. — Relation between fraction oj the globule-surface covered with protein 

and the of the serum. 

Curve ... I 2 3456 

Latex Cone n. per cent. o ooiti o ooS o*3<> 118 3*91 6*76 


/ 0 \ 





Fig. 4.— -Relation between fraction of globule -surface covered with “ rubber 
resin " and the of the serum. 

Curve ... I 2 3 4 5 ^ 

Latex Conen. per cent. o-ooio 0*098 0*39 i*iB 3*91 6*76 
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of the preserved latex^ i.e.^ 10. Similarly, it is evident that the 

rubber globules in ammonia-preserved 60 per cent, latex (obtained by 
centrifugal creaming of ordinary plantation latex) are also completely 
covered with protein. 

It should be noted that these results are not necessarily at variance 
with the possible presence of the protein as a lipoid-protein complex 
although they agree more naturally wnth the simpler view as to the 
independence of the protein and the “ rubber- resin.*’ 



Fig. 5. — V'ariation in surface composition of rubber globule at pH 8*0 with 
dilution of the latex, i. I^otein. 2, " Resin, " 

Summary. 

1. A method for the surface analysis of colloidal particles is outlined. 

2. The electrophoretic behaviour of the protein, *' resin," and rubber 
hydrocarbon of the latex of Hevea brasiliensh is described. 

3. The electrophoretic behaviour of the diluted ammonia- preserved 
plantation latex has been investigated, and it Is shown that the amounts 
of protein and " rubber resin " adsorbed at the surface of the rubber 
globule are dependent upon the degree of dilution of the latex and upon 
the of the serum. 

4. The fractions of the rubber-globule surface covered with protein 
and with " rubber resin " are calculated, and their variation vrith latex- 
dilution and the pnoi the serum is plotted. 

5. The rubber globules at pH 8*0 are completely covered with a protein 
layer, provided the latex is not diluted below 12 per cent, total solids 
content. 

The authors are indebted to the Dunlop Rubber Company Ltd., 
for permission to publish these rcsulcs. 

The Dunlop Rubber Co,, Ltd., 

Fort Dunlop, 

Birmingham 



THE TITRATION CURVE OF FEATHER KERATIN. 

By J, B. Spearman and F. Townend. 

Received 2 Srd March, 1936. 

Recent years have seen great advances in knowledge of the fine 
structure of animal fibres, but an exact knowledge of the composition of 
keratin, in terms of its constituent amino acids, seems to be needed if 
further progress is to be made. Although wool is the most important 
keratin from an industrial point of view^, it would be difficult to accept 
it as the most suitable keratin for amino-acid analysis in view' of its 
variable composition.^ In addition, wool gives a very ill-defined X-ray 
fibre diagram and is not, therefore, a suitable subject for an attempt to 
obtain a complete interpretation of the structure of the keratin molecule 
from the combined results of 
X-ray and amino-acid analy- 
sis. On the other hand, feather 
keratin, particularly the quill 
of seagull feather, is remark- 
able for the perfection of it.^ 

X-ray photograph, which is 
regarded as ** the richest fibre 
photograph so far observed.” * 

At the time seagull quill was 
selected for amino-acid analy- 
sis, however, its cell structure 
was believed to be homogen- 
eous, but a recent examination 
of the cross-section of trypsin - 
retted quill has shown it to 
consist of at least two t>q>cs of 
cell. 

Although no work has been carried out on the composition of seagull 
quill, goose feather has been the subject of many investigations. Using 
the Fischer ester method, Abderhaldcn and Le Count • obtained the data 
summarised in Table I,, w^hich also includes Block and Vickery’s more 
recent determinations ^ of the basic amino-acids in goose feather. 
Assuming that every amino-acid is incorporated in peptide chains through 
«-amino- and associated carboxyl -groups, the two sets of data account for 
only 35*4 per cent, of the feather. To this value must be added that for 
cystine, which according to Wilson and Lewis’ results * for different types 
of feather seems to be of the order of 9 per cent., as shown in Table IL 
In the case of goose feather, therefore, no more than 44 per cent, of the 

* Speakman, /. Soc, Dyers and Colourists, 1934. Jubilee Issue, p, 36. 

* Ajtbury, CM Spring Harbor Symposia on QuaniHaHve Biology, 1934, 21, 

• Abderhaiden and Le Count, Z. physiol, Chem., 1907, fa, 348. 

♦ Block and Vickery. /. Biol, Ckem,, 1931, 93* 1x3. 

• Wilson and I.ewis, ibid,, 192^, 73, 543. 
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TABLE 1 . 


Araujo Acid. 


Glycine 

Alanine 

Valine 

leucine 

IToline 

Serine 

Asjiartic acid 
(.•iutamic acid 
T>-rosine . 
Arginine . 
Lysine 
liistidine . 


( Araount (g.) 

, Isolated from 
too g. Feather. 


2-6 

1-8 

0*5 

8*0 


^•3 

3*0 
5*00 
I 04 
0*35 
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keratin has been identified, but the preceding data, even though in* 
complete, have a definite value in connection with later argument con- 
cerning the composition of feather keratin. 

As a preliminary to analytical work on seagull quill, it was decided to 
determine its titration curve, because corresponding work on wool 
keratin • together wdth related studies of its elastic properties in media ^ 
of varying have proved useful in giving a general indication of the 
constitution of the molecule. For example, if seagull quill is similar to 
wool, its maximum acid-combining capacity should establish the content 
of basic amino-acids and show whether Block and Vickery’s determina- 
tions of the basic amino-acids in goose feather are valid for seagull quill. 
Alternatively, if there is any foundation for Astbury’s enquiry' as to 
whether it may not be that the growth of feathers finds its origin in the 

TABLE II. 


Kind of Feather. 


Cvstinf ; 

CtlM.}. i 

Sulphur 
(per cent.}. 

Nitrogen 
(per cent.) 

Turkey (1) Fan . 



• : 7 *» ' 

2-44 

J 5 ‘I 

Quill 

. 

. 

. ; 1 

240 

I 5 *« 

Turkey (2) Fan . 



- ; 7-7 

i 

14*8 

Quill 



♦ 7‘7 


* 5-5 

Goose Fan . 



10-7 

300 1 


QuiII 



. ' O-t ; 

J !‘53 j 

“ 

Duck Fan . 



. i 12*2 

2-00 

J 5-5 

Quill 


• 

. » s-s i 

! 



t i 


development of further keratin chains by the formation of lateral peptide 
linkages ® the maximum acid -combining capacity of feather should be 
less than would be expected from the content of basic amino-acids. 
Finally, the titration curve of wool keratin shows an isoelectric range 
from pjj 5 to 7, whicli implies equivalence between the dicarboxylic acids 
and the amide nitrogen and basic amino-acids. Should the titration 
curve of feather keratin show a similar isoelectric range, the same eqiii- 
valcnce rule would liolcl, and the total content of dicarboxylic acids in 
.seagull quill would then be capable of deduction. 

Experimental. 

Purification of Feather. — Because there is little difference between the 
X-ray photographs of feather from various of gull, and because 

of the difficulty of cxillecting large quantities of material f<»r analysis, the 
tail and wing feathers of mature herring gull, black-backed gull and gannet 
were purified and mixecl as follows. .After rejecting those quills which 
showed an opaque white spotting, the remainder were cut just Iielow the 
first barbs, at the junction of the translucent quill and the pith-containing 
portion of the rhachis. The inferior umbilicus of each quill was then cut 
aw'ay, the feather sheath removed from the <iutside, and the quill bisected 
longitudinally. After cleaning each half by scraping lx>th sides with a 
knife, the quill was cut into piece.s from J to ^ inch long. When a sufficient 
quantity of quill had been prepared in this way, it was freed from wax by 
extraction in an all-glass soxhlet apparatus for two days with ala>hol, two 

• Speakman ant! Stott, Trans. Fatadav Soc., 1934, 539 * 

’ S]>eakman ami Hirst, ibid., 1033. 

® A.stbury and Man\dck, Nature, 1032, 130, 309, 
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days with ether, and two days again with alcohol. Finally, the alcohol 
retained by the feather was removed by washing in several changes of dis- 
tilled water over a period 


of 3 or 4 days. 



lABLE I 

11. 


Titration Curve. — Since 

t 

C.c. Nit Acid or Alkali 

the isoelectric point or 

Final 

Pu* 

Combined with 100 g. dry 

region of feather keratin Reagent, 

was unknown, the puri- 

Feather. 

I 1 

lied feather was merely 

allowed to attain eqni- 


f^H* 

Titration. 

librium with distilled . 




water at 22-2“ C., the H>d^«cWonc aod 

0’20 

— 

39 - X 

final />H being 4 6, beiore 

058 

o <)7 

' ^*35 i 


40*9 

40*4 

3 h '9 

being used for deter- 



minations of acid- and 

! 



30*7 

alkali-combining capac- 

2-17 

— 

24*0 

ity. 2\pproximately 


17-8 

19-2 

]-gram samples of the 

2-qH 

80 

— 

air-dry keratin were 

3*33 

5 3 

1 

dried over phosphorus 

1 4-20 

0*3 

1 

pentoxide in vacuo until ivKlium hydroxide 

4-76 

0*0 


constant wxight w*as at- 

5 * 7 

0*0 


tained, a period of two 

5 - 4 i 

0*4 

— 

months or more lx*ing 

f >-57 

0*5 

— 

necessary. Except at 

7-22 

0-6 

— 

low pH, where 2 g, of 

7-31 

^•5 

— 

feather were used to in- 

7-46 

II 

— 

crease* the precision of 

^'75 

<)*93 

3-0 

5-4 

i i*i 

— 

the results, each f-gram I 


sample was transfeirred j 

10*21 1 

14*0 



to 100 cc of HCl or ! 

10*<)0 t 

22*4 



NaOH solution of | 

^i ’54 1 


370 

known p» at 22*2 ' f .. 1 

1 

1 



precautions being taken 

to exclude carlxin dioxide from the alkaline solutions during equilibration 
and />|| measurement, rrehniinar}- experiments showed that equilbrium 
was attained between 


feather and acid and al- 
kaline solutions in 5 and 
ro days respi'ctively, such 
long times Ixnng necessiiry 
Ix^cause the feather was 
used in fairly large pieces. 
The amounts of acid and 
alkali combined with the 
feather were calculated 
from the measurements of 
initial and final />||, except 
at extn'mes of where 
aliquots of the original and 
t*quilibrium solutiims were 
titrated with alkali or acid. 
From the results, which are 
collected in Table III* the 
titration curve shown in 
Fig. 1 was constructed. 
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Discussion of Results. 

If the basic amino-acids of feather are incorporated in long peptide 
chains through a-amino and associated carboxyl groups, as in the case 
of wool, acid must combine with feather through the terminal amino-, 
guanido- and iminazole-groups of lysine, arginine and histidine, respec- 
tively. Taking Block and Vickery’s data for the amounts of these amino- 
acids in goose feather, its maximum acid-combining capacity should be 
38*1 c.c. of N /i hydrochloric acid per 100 g. dry feather, a value in good 
agreement with that found experimentally for seagull quill, viz., 41 c.c. 
That the theoretical result should be low is understandable in view of the 
great difficulty of isolating basic amino-acids quantitatively, and it seems 
reasonable to assume that Block and Vickery’s determinations of the basic 
amino-acids in goose feather are equally valid for seagull quill. Support 
for this view is to be found in the following approximate determination of 
the arginine content of seagull quill by the van Slyke procedure. 

49*49 g. dry seagull quill were hydrolysed by boiling for 30 hours wth 
400 c.c. of 20 per cent, hydrochloric acid under a reflux condenser. After 
concentration to a syrup, the solution was made alkaline with lime, diluted 
to 2 litres, and distilled under reduced pressure. From the amount of 
ammonia evolved, the amide nitrogen content of the feather w'as found to 
be 15*12 mgm./g., but the best value, as deduced from 10 determinations 
on three hydrolysates, is 14*90 mgm./g. Following the determination of 
amide nitrogen, the lime was filtered off and washed well with hot water. 
The filtrate was then made up to tw’o litres after neutralisation with hydro- 
chloric acid, and 350 c.c. of concentrated hydrochloric acid were added. 
After heating the solution to 90® C. on the water bath, the ba.ses were pre- 
cipitated by adding 250 g. phosphotungstic acid dissolved in i litre of w^ater. 
The phosphotungstates were allowed to separate for three days in the ice 
chest, before being filtered ofl and washed in four litres of an ice-cold solu- 
tion of 2*5 per cent, phosphotungstic acid in N/i hydrochloric acid. Amyl 
alcohol-ether mixture, previously extracted with hydrochloric acid, was 
used to redissolve the base-phosphotungstates in the manner recommended 
by van Slyke, and the solution was made up to 500 c.c The total nitrogen 
content of the phosphotungstates was found to be 1654*0 mgm., or 33*41 
mgm./g. dry seagull quill. This value is far in excess of what would be 
expected from Block and Vickery’s determinations of the basic amino acids 
in goose feather, but it is well known that the precipitate of phosphotung- 
states is liable to contain amino-acids other than the hexone bases.* When 
the phosphotungstates were allowed to separate at room temperature in- 
stead of at o® C., the nitrogen content of the precipitate was equivalent to 
24*82 mgm./g. From this value must be subtracted 5*00 mgm./g. for the 
cystine content of the precipitate, as shown below, so that the nitrogen 
content of the basic amino-acids in seagull quill is 19*82 mgm./g. While 
this result accords well with the theoretical value of 19*1 mgm./g. deduced 
from Block and Vickery's determinations of the basic amino-acids in goose 
feather, too much stress cannot be placed on the agreement because the 
quantity of amino-acids precipitated by phosphotungstic acid varies with 
temperature. 

As regards the main solution of the phosphotungstates precipitated at 
o® C., aliquots were boiled with 50 pet cent, caustic potash solution for six 
hours, and six determinations of the amount of ammonia evolved gave an 
average value of 10*83 nigm. nitrogen per 10 c.c, of solution. The lat^ 
contained cystine, which, according to van Slyke, liberates 18 per cent, of its 
nitrogen as ammonia under the above conditions. Two determinations by 
the ^nedict-Denis method of tlie amount of sulphur in the solution of phos- 
photungstates showed that the cystine nitrogen was 4*99 mgm./io c.c., so 

'Kemot and Knaggs, Biochem. 1928, aa, 528 ; Kemot, Knaggs and 
Speer, ibid., 1930, a4, 379. 
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that the correction to be applied to the above value for the nitrogen liber- 
ated on boiling the phosphotungstates with caustic potash is 0*90 mgm. 
Since arginine liberates half its nitrogen as ammonia under the above con- 
ditions, the total arginine nitrogen is 2 -f 9*93 mgm. per 10 c.c. of the solu- 
tion of phosphotungstates, or 20*07 mgm./g. of feather, and the arginine 
content of the feather is 6-23 per cent. That this value should exceed that 
obtained by Block and Vickery is not surprising in view of the fact that the 
isolation method yields low results, and the van Slyke method high results. 
Actually, some increase in the arginine content of feather above Block and 
Vickery’s value is needed to account completely for its acid-combining 
capacity, so that the above determination of the arginine content of seagull 
quill serves to confirm the view that Block and Vickery’s data for goose 
feather are equally applicable to seagull quill. It must therefore be con- 
cluded that the maximum acid-combining capacity of feather keratin is 
accounted for by the basic side chains of arginine, lysine and histidine, and 
the balance of evidence is opposed to the p<jssibility ® that the terminal 
amino- and guanido-groups of lysine and arginine may take part in the 
formation of lateral peptide linkages. 

The second point of interest in the titration curve of seagull quill is the 
fact that it shows an isoelectric range from about 4*3 to 6*3. By analogy 
with wool, which shows a similar range from pH 5 7> isoelectric 

range of feather may be taken to imply equivalence between its dicar- 
boxy lie acids and the basic amino-acids and amide nitrogen. According 
to this view, the dicarl)Oxylic acid nitrogen of feather should be 14*90 
(amide nitrogen) -f 5 34 (basic amino-acids) 20*24 mgm./g. As shown 
in Table 1., however, the amounts of dicarboxyhe acid isolated from goose 
feather fall far short of this requirement, and correspond with only 3*38 
mgm. nitrogen pc*r gram of feather. The discrepancy is so great that the 
total quantity of dicarhoxylic acids in seagull quill was estimated in the 
following manner. In the preceding determination of arginine, the solution 
remaining from the precipitation of phosphotungstates contained the di- 
car boxy lie acids of 49*49 g. of feather keratin. It was freed from phos- 
photungstic acid l)y extraction with amyl alcohol-ether mixture and then 
concentrated under reduced pressure to remove excess hydrochloric acid. 
After making the s)Tup strongly alkaline Avith lime, it was diluted to a 
A'olume of I litre, and the calcium salts of the dicarhoxylic acids in 600 c.c. 
of the solution were precipitated with eight volumes of alcohol. When the 
mixture had st(.x>d overnight, the precipitate wasfi^ltered off and washed well 
with alcohol. Damodaran's procedure for estimating dicarhoxylic acids 
was not followed, because it was found that the presence of calcium chloride 
in the solution of the calcium salts of dicarhoxylic acids interfered greatly 
with their precipitation by alcohol, the precipitate being far too impure to 
afford a reliable estimate of the dicarhoxylic acid content of seagull quill. 
The impure calcium salt precipitate was therefore redissolved in w’arm water, 
filtered tf > remove a slight turbidity, and then made up to a volume of 2 litres. 
Miquots of the solution were withdrawn and precipitated with various 
v olumes of alcohol, the nitrogen content of the precipitates being deter- 
mined by Kjeldahl's method. The results are sununarised in Table IV., 
illustrated by Fig. 2. 

The curve shows an abrupt break when the nitrogen content of the pre- 
cipitate is 20 mgm./g. featlier, a value in remarkably close agreement with 
the theoretical requirement of 20*24 mgm./g. for the nitrogen content of 
the dicarhoxylic acids in seagull quill. It is therefore evident that the 
dicarb(3xylic and Imsic amino-acids are incorporated in peptide chains 
through a-amino- and associated carboxyl-groups. A large part of the acid 
side chains are combined with ammonia to form acid amides, the remainder 
being combined with the basic side chains to form salt linkages of the type 
previously showm to exist in wool keratin.’ Just as in the latter case, there 

Damodarsin, Biochem, /., 1931* ^5* 2123^ 

31 
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is exact equivalence between the basic side chains and those acid side chains 
not present as acid amides. With both wool and feather keratin, the 
presence of the necess^ amount of dicarboxylic acids to account for amide 
nitrogen and basic amino-acids according to the salt linkage h)qx)thesis, has 
also been demonstrated in 



but 9-1 per cent, of glutamic acid and 2-4 per cent, of j-aspartic acid have 
so far been isolated, corresponding with a dicarboxylic acid nitrogen content 
of 11*3 mgm./g. of feather. 

In conclusion, it will be observed that the titration curve of feather 
keratin, unlike that of wool, does not show the step due to lysine salt link- 
ages at pfi 10 to ii. No significance need be attached to its absence be- 
cause the quill undergoes destructive attack in the more strongly alkaline 
solutions during the 10 days needed to attain equilibrium. 


Summary. 

The titration curve of seagull quill shows an isoelectric range .from Pn 
4*3 ^o 6'3, suggesting that the dicarboxylic acids are exactly equivalent to 
the basic amino-acids and amide nitrogen. Support for this, the salt- 
linkage hypothesis, has been derived from determinations of the amide 
nitrogen and dicarboxylic acid contents of the keratin. The dicarbox- 
ylic acids ivere found to be equivalent to the amide nitrogen and the basic 
amino-acids, the latter being estimated from ihe maximum acid-combin- 
ing capacity, which accords well with Block and Vickery’s determinations 
of the basic amino-acids in goose feather. 

Textile Chemistry Laboratory^ 

Leeds University. 




THE DECOMPOSITION OF HYDROGEN SULPHIDE 
AND WATER ON MOLYBDENUM FILAMENTS. 

By F. E. T. Kingman. 

Received 74th March, 1936. 

In the course of an investigation of molybdenum catalysts some 
preliminary studies have been made of the decomposition of hydrogen 
sulphide and water on molybdenum filaments. 

Apparatus. 

The ‘molybdenum filament, 20 cm. long and o*oo6 cm. diameter was 
spotwelded at each end to stout tungsten leads fused through the ends of 
the pyrex reaction vessel, which was cylindrical in form, 25 cm. long, and 
j*5 cm. diameter. The reaction vessel was connected to a Pirani gauge 
and gas pipette, and the whole apparatus could be evacuated to lo-^mm. 
by a mercury pump backed by a Onco “ Hyvac " oil pump. 

The l^rani gauge consisted of a platinum filament maintained at 100® C. 
Blank ex}>eriments showed that no decomposition of either hydrogen 
sulphide or water tfK)k place on this filament. The gauge was calibrated 
for hydrogen against a McLeo<l gauge, which was cut oft from the reaction 
system during experiments. 

The tempK^rature of the molybdenum filament was determined by 
measunng its resi.stance and calculating from the resistance- temperature 
curve for molybdenum ; no corrections were made for variation in tem- 
perature along the filament. 


1. Experiments with Hydrogen Sulphide. 


Hydrogen sulphide prepared from hydrochloric acid and antimony 
sulphide, was washed with winter, dried over phosphorus pentoxide, and 
distilled. Hydrogen was purified by passage through a heated palladium 
tul>e. 

Experiments were carried out bv admitting 0-03 c.c. of hydrogen 
sulphide, giving an initial pressure of 0 088 mm., and following the course 
of the reaction by freezing out the residual hydrogen sulphide with liquid 
air and measuring the pressure of hydrogen on the Pirani gauge. 

Results. — The results obtained from experiments at temperatures of 
400^-685® C. are shown in Fig. 1, the logarithm of the residual pressure of 
hydrogen sulphide being plotted against the time. Analysis of the results 
showed that the reaction could be accurately represented by a mono- 
molecular equation, i.e., 

<■) 


whence 

where 



p ~ pressure of hydrogen sulphide at time /. 
^ initial pressure of hydrogen sulphide, 

903 


(2) 
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so that, since the decomposition of hydrogen sulphide results in the liber- 
ation of an equal volume of hydrogen, 

pQ ^ p rzr. pressure of hydrogen at time t. 

For a constant value of /?o> 

kt = A - log, p{A = log/)o) 
or kyt ^ B -- logio/>. 

Thus by plotting the values of logio^ against i for various temperatures, 
a series of straight lines are obtained (Fig. i) from the slopes of which the 
relative value of k can be determined for each temperature. From the 
values thus obtained, the energy of activation can be calculated using the 
usual Arrhenius equation. The heat of activation for this reaction was 
thus found to be 25,000 Cals. 



Fig. I. 


The decomposition of hydrogen sulphide must result in the liberation 
of an equimolecular amount of hydrogen, and, in addition, the production 
of free sulphur or of molybdenum sulphide. Ift these experiments it 
was observ^ed that after 0*9 c.c. of hydrogen sulphide had been decomposed, 
the solid product of the reaction became visible as a dark continuous 
film on the walls of the reaction vessel. This product was distilled into 
a small liquid-air trap, the latter cut off, and the product examined. 
Owing to the small amount available, it was not possible to analyse the 
product completely, but it was shown that no molybdenum was present. 
This result was checked by comparing the weight of the filament with 
that of an equal length of the original molybdenum wire ; there was no 
change in weight. 

Thus, the decomposition of hydrogen sulphide on a molybdenum 
filament under the conditions of these experiments results in the formation 
of hydrogen and free sulphur. No production of molybdenum sulphide 
takes place, the sulphur formed being continuously removed by evapora- 
tion from the filament and condensation on the cold walls of the reaction 
vessel. This is also in agreement with the experimental fact that no 
inhibition of the reaction by the products can be observed. 
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2. Decomposition of Water Vapour. 

The apparatus used was similar to that described above. A tube 
containing water (freed from dissolved gases) was kept in melting ice, 
thus maintaining a constant vapour pressure, and a known volume of 
water vapour at this pressure was admitted to the reaction system so as 
to give an initial pressure of water vapour of 0*1 mm. The course of the 
reaction was followed by a similar method to that employed in the hydrogen 
sulphide experiments, the water vapour being frozen out at intervals by 
liquid air, and the residual pressure of hydrogen measured on the Pirani 
gauge. 

It was found that no appreciable reaction could be observed at tem- 
peratures below 800® C., the experiments described were therefore carried 
out at 800®- 1 200® C., and some typical results are shown in Fig. 2. 

The reaction which occurred resulted in the formation of a film of 
molybdenum oxide on the surface of the filament. At temperatures below 
1000® C. this film was not volatilised and retarded the reaction. Thus, 
when a second admission of water vapour was made at 800® C., the rate 



K) iO Xi 40 50 60 70 to 30 fOO t/0 ItO 


C [Hm] 

Fig. 2. 

of reaction fell to a negligible value. The oxide film could easily be re- 
moved by Hashing for a short time at 1500® C. 

At temperatures above 1000® C. it was found that the oxide film 
volatilised as quickly as it was formed, so that when a second admission 
of water vajx)ur w^as made without flashing the wire, the rate of reaction 
was the same as with a flashed filament. 

In the.se experiments carried out at temperatures above 1000' C., 
it was also observed that the pressure of hydrogen, after increasing 
steadily to 0‘07-o-o8 mm. became constant and then slowly decreased. 
This phenomenon w'as not quantitatively reproducible, the magnitude 
of the decrease in pressure being dependent on factors apparently outside 
the degree of experimental control. This decrease in pressure can be 
accounted for by assuming that some of the hydrogen molecules are dis- 
sociated at the heated filament and the atoms are then taken up by the 
molybdenum oxide film on the walls of the reaction vessel, the capricious 
nature of the effect being due to variations in the surface of this film. 

The pressure-time curves for the decomposition of water vapour are 
thus more complex than those obtained in the hydrogen sulphide experi- 
ments, and it has not been possible to analyse the results even for the 
early stages of the reaction, where the secondary reaction involving the 
disappearance of hydrogen might be expected to have less effect. The heat 
of activation of the primary process of the decomposition of w^ater to give 
hydrogen and molybdenum oxide has been obtained by determining the 
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time (<) taken to produce a definite pressure of hydrogen. The heat of 
activation is then calculated from the formula : 

, ti Q/ I I \ 

2-303 logioj^ - rj 

where ii and /, are the times taken to reach a given pressure at temperatures 
Ti and T, respectively. 

Plotting log t for the times taken to give pressures of o*oi, 0*02 and 
0*03 mm. against i/T for temperatures of 8oo°-i2oo® C., a series of three 
straight parallel lines are obtained (Fig. 3) from which the value of the 
energy of activation is 43,000 Cals. It will be noted that at low concentra- 
tions of the oxide film there is no change in the activation energy of the 
reaction as the temperature is increased beyond that necessary to volatilise 
the oxide film. 



Summary. 

1. The decomposition of hydrogen sulphide at a pressure of o r mm. 
on a molybdenum filament has been studied over a temperature range 
of 4 oo®- 685‘' C. The reaction results in the formation of hydrogen and 
free sulphur, the rate of reaction being proportional to the pressure of 
hydrogen sulphide. The energy of activation of the reaction is 25,000 Cals. 

2. The decomposition of water vapour on a similar molybdenum 
filament at temperatures of 800°- 1200® C. results in the formation of molyb- 
denum oxide and hydrogen, followed, at temperatures above 1000^ C. 
by the formation of hydrogen atoms, which are absorbed by the molyb- 
denum oxide film on the walls of the reaction vessel. The heat of 
activation of the decomposition reaction is 43,000 Cals. 

The writer, who is a member of the research staff of the Department 
of Scientific and Industrial Research has carried out this work in the 
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KINETICS OF RECOMBINATION OF BROMINE- 

ATOMS II. 
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I. Introduction. 


In a previous paper ^ we described an optical method for the deter- 
mination of the stationary dissociation of Br2 molecules in an illuminated 
vapour. Because of thermal effects we were unable to calculate the exact 
degree of dissociation except when the dissociation takes place in a helium 
atmosphere. Later* we found that thermal effects can be reduced by 
using smaller halogen -concentrations. This is shown by comparing the 
formulic (i) and (2), derived ^ for the two effects in question : 


Atlienn. {^^COHSt. A [Br2,) 

32 KJ Q 


(I) 


(=. rms,. X il |X 1 - cms,.) (z) 

Athcnn. 


Aboino. < 


const. X (Brj!^ * 


( 3 ) 




the relative change of concentration of bromine-mole- 


[Br,| 

cules caused by illumination, Q the energy (in Cals.) and N^p the number of 
quanta absorbed per sec, per c.c of the gas, [X] the concentration of mole- 
cules acting as third bodies in the recombination of the atoms, #c the 
thermal conductivity, and the velocity constant of the recombination. 
At low concentrations of bromine, Q and Nf,^ are proportional to [Brg]. 

The darkened areas in Figs. 3a and 36 show the parts played by the 
thermal effects : (A) in the old experiments with 4*5 mm. of Brg, and (B) 
in the new experiments with a Brg pressure about 0*3 mm. 


II. Experimental. 

The scheme of the apparatus was shown in Fig. i in the previous 
papers.** • The second paper* contains also the description of the exact 
computation of Ni^. Fig. i shows the spectral energy-distribution of the 

* E. Rabinowitch, H. L. I^hmann. Trans. Faraday Soc., 1935, 31, 689. 

* E. Rabinowitch, W. C. Wood, J. Chem. Physics, 193O. 
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light L from the 1500 watt carbon arc used for dissociation, filtered through 
- . ^ ^ lower curve shows the intensity 

distribution of the 


I cm. of saturated Cu SO 4-solution. 


2’a 




/•5 





light absorbed by 
bromine.* By 
graphical integra- 
tion, the mean ex- 
tinction coefficient 
of bromine for the 
light L, and the 
mean wave-length 
of the light ab- 
sorbed were found 
to be, 



i — I I I N I I 

400(7 4500 5000 5500 6000 6500 

CN CN 


Fjg. I. — Energy-distribution of the illuminating light 
L, and its absorption by bromine. 

mined previously, the following formulae were derived 
of and Q : 


ajD 375 . 

4330 A. 

The first value 
was confirmed by 
direct measure- 
ment of the ab- 
sorption of L-light 
by bromine at 
higher pressures 
and extrapolation 
to />(Bri) o 
I A inset). The 
mean absorption 
of /.-light in the 
cell was less than 
> per cent. With 
the above - calcu- 
lated values of a/; 
and and the 
calibration - factor 
of the thermopile- 
galvanometer com- 
bination deter- 
for the calculation 


= I -99 X loi* X />mm. (Br,) X 


quanta 
sec. X c.c. 


(4) 


Q = 2-21 X IO-« X pmm. (BFj) X Lem. 


g cals. 
sec. c.c. 


(5) 


L being the deflection of the galvanometer in cm. 

The light beam J from a 6v. filament lamp, used for the measurement 
of [Br,] and A[Br,], was filtered through infra-red-absorbing glass (Jena 
BG17) and blue glass (Jena BG12). It contained w^ave-lengths 4000- 
4800 A. and the mean extinction-coefficient of bromine for it was found to 
be (at low pressures) Rj = 6*o. The absorption of J along^ the cell 
(d = 12 cm.) is 7-10 per cent, only, and the use of a mean dt-value is 
therefore justified. 


* Cyanogen-bands are prominent in the part of the spectrum strongly ab- 
sorbed by bromine ; this aflects somewhat the exactness of the determination of 
JVju,, because the intensity of these bands is variable even when the arc burns 
very steadily. The extinction coefficients used for calcrdation were those given by 
Hibaud ; we tested several points of his curve and found them to be correct. 
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Tbe relative change of concentration A a 


AEBrJ 

[BrJ 


was calculated from 


the relative change of transmission A/// by means of the equation * 


A/// = A X ov (Br.) d log, 10 
= o-ais j>mm (BrJ x A 


}• 


( 6 ) 


By using (4) and (6) for tbe determination of N|^p and A respectively, the 
velocity-constant Cj in (2) was calculated from measurements of A/, / 
and L. 

The bromine-pressure was measured by means of a manometer filled 
with sulphuric acid. Another method — which gives more exact values at 
low pressures — ^is to calculate :^>(Brt) from the absorption of the light /, 
using the above-determined extinction-coefficient &j = 6-o. 


III. General Results. 


We determined the stationary dissociation of illuminated Br* in 
mixtures with He, Hj, Nj, Oj, CH4 and COj. Figs. 2 and 3 show, as 
examples, the results 






obtained with and 
N2. The abscissae are 
the pressures of the 
gases in mm., the or- 
dinates the observed 
changes in transmis- 
sion AJ. The ther- 
mal effect (shown by 
the darkened area) 
forms the whole of 
the effect observed in 
pure bromine, but 
only a small part of it 
in presence of foreign 
gases. The unbroken 
lines in Figs. 2 and 3 
are the ‘‘theoretical” 
curves : straight lines 
in the region of 
heterogeneous recom- 
bination, (where the 
molecules recombine 
on the walls) and 
inverse - square - root 
curves in the region of 
homogeneous recombination (according to equation (2)). The agreement 
between experiment and theory is remarkable. * 

The dependence of the effect on light intensity L is shown by Fig. 4. 
The abscissae are the pressures (X) (X = argon in this particular 
case) and the ordinates the exponents x of the equation 

A/ = const, X i* . • (7) 


ico 300 ¥00 500 600 

Effects observed in hydrogen. 


Pmm 


/oo 


* The method, by which A can be calculated at higher values is described 
in the last part of this paper. 

‘ We discussed elsewhere — see Z, pkysih, Chemie (B), 1936. why the influence 
of the homogeneous recombination is r^tively strong at low pressures, whereas 
that of the wall recombination disappears as soon as the maximum of J/ is 
passed. 

31 
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500 600 


Fig, 3fl. — Effects observed in nitrogen ; 


The value of x drops 
from ;r = I (which is 
the theoretical value for 
both the thermal effect 
and the heterogeneous 
dissociation equilib- 
rium) to AT = which 
is the value required 
by (2) for the homo- 
geneous dissociation- 
effect. 

In the case of bro- 
mine a large range of 
halogen pressures can 
be used. The relative 
change of transmission 
AJ/J must be propor- 
tional to p*(Bri) 
case of the thermal 
effect, to /)(Br,) in that 
of the heterogeneous 
dissoc iation - effect and 
P(mm) in the case 

^ of the homogeneous di$- 

sociation. Fig. 5 shows 
the value of the expo- 
nent y in the equation : 


AJ/J = const, X [Br,]*' (8) 

as a function of (lor 

the case of helium as third 
body). The results are in 
full agreement with theory. 

The validity of formula 
(2) for the region of homo- 
geneous recombination is 
thus proved in respect of 
the dependence of the effect 
on bromine pressure, light 
intensity and pressure of 
the foreign gas. This shows, 
that the recombination pro- 
cess is described by the 
simple equation 

Br + Br + X 

^Brjj+X . (9) 

Formation of Br^ or of other 
complexes does not inter- 
vene markedly in the recom- 
bination process. 

Fig 36. — Effects observed in 
nitrogen, = 4-5 mm. 
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IV. Calculation of the Recombination-Constants. 

Table I. contains the experimental data and the results of the cal- 
culation of the constants of equation (2) for different gases X. Again 

TABLE I. — Recombination-Constants (Concentrations in Molecules 

PER C.C-). 


A X JO*'*. 


Total. Therm. Diss. 


X ^ HeUum. 


o*ob i-bg 0*72 

0*07 1-56 0*75 

0'06 1-33 0*77 

o-og 2*73 o-So 

0*09 242 o*8i 

0*10 2*07 0*84 

o*o6 1*68 0*68 

006 i‘47 0*73 

0-03 4*39 076 

003 4*01 070 

Mean 0 75 ±0*1 



Cl X xo®*. 


PiHi,) 

J X 10*^ 

PiX) 

•■v*. 

nun. 

mm. 

mm. 

X IO~l* 


X Argon. 

<^•339 3‘^9 HH) 5*53 0'2(> 524 ibl 

185 yyt lyi 473 0-30 443 1.23 

— - 2vSo 380 12*3 4‘io 0*30 3*8 o iib 

0-300 4*37 90 3-72 20*5 b-gty 0-29 b*b7 1-41 

— — 108 3*02 17-0 5’75 0-29 5-46 i‘io 

0-289 4*39 93 3*54 237 828 0-28 8-oo o-gfj 

— 151 3-29 irs 5*73 p-20 5-47 

0-281 4*37 200 3-49 12-3 4-02 0-28 4-34 1-60 

~ — 312 3-29 107 402 0-27 3*75 1-29 

— 4 >7 3*5 3-34 0‘^5 309 1-37 

— 490 3-18 8-5 3*20 o-2b 2-94 1-30 

Mean 1*3 ±0-3 


X Hydrogen. 



X ns Nitrogen 
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TABLE I. — Continued, 


#(BrJ 

/X io~* 

PiX) 

X 10-'*. 

A/ 


A X io». 


Cl X io*». 

mm. 

mm. 

mm. 

mm. 

Total. 

Therm. 

Diss. 

X = Ox; 

0*290 

y ^ en , 

4-78 

94 

3.69 

13*4 

4*62 

0*21 

4*41 

3*31 

— 

— 

143 

3-49 

II -9 

4*10 

0*20 

3*90 

2*62 

— 

— 

246 

3*54 

8*0 

2*78 

0*20 

2*58 

3*52 

— 

— 

351 

3*51 

7*0 

2*52 

0*20 

2*32 

3*04 

— 

— 

465 

3*49 

5*3 

1-83 

0*20 

1-63 (4-65) 3 - 66 * 

s: = Mei 

thane. 





j Mean 3*2 ±0*6 


0*403 

4*30 

90 

4*82 

13*1 

3*59 

o*i8 

— 

— 

116 

4*75 

12*4 

3*39 

o*i8 

— 

— 

178 

4*80 

10*8 

2*94 

0*18 

— 

— 

287 

4*8o 

7*9 

2*17 

0*18 



400 

4*80 

b-5 

1*79 

0*18 


3-41 

3*21 

2*76 

1*99 

i‘6i 


3*86 

3*33 

3*01 

3-55 

3'87 


* I j 

Mean 3*6 ±0*6 


X = Carbon dioxide. 


0*280 

4*10 

81 

403 

11*5 

4*45 

0*40 

4*05 

5*28 

— 

— 

105 

3-63 

9*4 

3*62 

0*36 

3-28 

5-58 

— 

— 

145 

3-63 

8*1 

3*12 

0*36 

2*76 

5*71 

— 

— 

196 

3*57 

6*4 

2*47 

0*35 

2*12 (7*12) 5*12* 



285 

3*49 

5*1 

1*97 

0-34 

1*63 (8*02) 5*51* 
Mean 5*4 ±0*5 


* Neglecting the thermal effect. 

as in the case of iodine,* the results obtained in Oj above 450 mm. and 
in CO2 above 200 mm. indicate that the thermal effect is destroyed at 
these pressures by convection-currents, as discussed in •. 

The values of Cj obtained 



Bx^i- A 

constxL’^ 


/>(A) mm 


200 300 ^00 500 

Fig. 4« — ^Dependence of the effect on 
light-intensity. 


with bromine are less exact 
than those obtained with 
iodine * because the effects are 
considerably smaller. (The 
extinction-coefficients 5 tj and 
Si, being much lower for Br^ 
than for Ij.) Considering 
Table L we may assume that 
the Cj values are correct to 
about 10 per cent, in the case 
of He and H,, and to 25 per 
cent, in that of A. We must, 
however, mention, that the 
reproducibility of the results, 
which was very good with 
iodine, was not so good with 
bromine. Sometimes, under 
apparently identical condi- 
tions, we found effects 20-40 


' E. Rabinowitch, Z, physik. Chemie (B), 1936. 
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aJ" const X 


per cent, smaller than those which were used in the calculation of the 
tables. It appears as if small traces of some unknown substances are 
able to catalyse the recombination of bromine atoms. In experiments 
with iodine we found that 1 

practically no dissociation- i 

effect can be observed in ^ ^ 
mixtures of Ig with water- ^ 
vapour. It is therefore / 5 | 
possible that traces of 
moisture are responsible 
for the smaller effects in 
bromine also. This is 
however, a point requir- ^ J 
ing special investigation. 

The results used in 
Table I. were those in 
which the highest effects 
were observed. After a 
few experiments giving 
“ too small *’ effects, wc 
were always able to obtain 
the higher ones again. 

This was proved especially 
in the case of helium, 
where about 20 sets of 
measurements gave re- 
sults in accordance with 
Table I. Table II. which 
contains a comparison of 
the recombination con- 
stants for bromine and 
iodine, confirms the reli- 
ability of the bromine 
values by showing their 





0 100 ZOO $00 400 500 600 

Fig. 5, — Dependence of the effect on bromine- 
pressure. 


constant relation to the corresponding values for iodine. 


TABLE II. — Rjbcombination-Constants for Bromine and Iodine. 


X-O 

H,. 

He. 

CU«. 

N». 

0,. 

A. 

CO,. 

C,H4. 

C‘, X io»*(Br) 

2-2 

0*76 


Jf *5 

3*2 

1*3 

5*4 

_ 

C\XIO*»(I) 

4*0 

I '8 

12 

0*6 

10*5 

3*3 

18 

100 

C^(Br)/c,(I) 

0*54 

0*42 

0*30 

0*38 

0*30 

0*34 

0*30 

— 

y(Br) X lO* 

2-2 

0-82 

3*7 

2*7 

3*4 

1*4 

5*7 

—* 


The gases are arranged in Table II. in order of their molecular weights, 
to show that the relation Ci(Br)/Ci(i) is slightly higher for the light 
gases Hg and He, and practically constant for all the heavier ones. This 
suggests that the velocity of the molecules has a somewhat greater in- 
fluence on their cfliciency as third bodies in the case of the recombination 
of bromine atoms. 

The last row of Table U. shows the proportion of the total number of 
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double collisions Br + Br which are recombining collisions at atmospheric 
pressure of the gas X (i = 20° C.). The number of double collisions is 
calculated by the usual kinetic formula, using the reasonable value 4*5 A. 
for the collision diameter of two Br atoms. One collision in 1200 is a re- 
combining one in helium, and one in 175 in carbon dioxide. 

The order of efficiency of different gases in promoting recombination 
is the same as in the case of iodine. Monoatomic gases have a smaller 
effect than the polyatomic ones. The efficiency increases with growing 
molecular size and intensity of the van der Wasils* forces of the colliding 
molecules. 

For the comparison of the values of Cj given in Table II. with those 
derived by Jost ’ and Hilferding and Steiner * from the kinetics of the 
bromine -hydrogen reaction we must refer to a separate note,® 


V. Effects In Pure Bromine. 


As stated above, the effects observed in pure bromine are of thermal 
origin. It has already been shown (Figs. 4 and 5) that the dependence 
of the effect in pure Br^ on light intensity and bromine concentration is 
in accordance with this theory. We will now show the same for the 
absolute magnitude of the effects. 

From formula (i) we derive 


Atherro. 3 _ -2 

Q 32^(Brt)^ 


( 10 ) 


using the values T = 293° abs. and #f(Brt) — l*o x lO”® (for derivation 
of this value see ^). 


The effects in pure Br, vapour are very large at higher pressures ; the 
calculation of A and Q is, however, somewhat complicated, the simple 
formula* (5) and (6) being valid only for small absorptions. For the cal- 
culation of A at higher pressures, we determined experimentally the trans- 
mission / as a function of />(Bri)< By differentiating the curve J *= f{p) 
we obtained the values of d//d[BrJ for different pressures, and were thus 

able to calculate A s from the experimental values of A///. 

For calculating g, we introduced into (5) a correction (not exceeding 
20 per cent.) accounting for the absorption of the L light between the middle 
of the vessel and the back wall, using the values of ax given in Fig. i A. 


Fig. 6 shows the values of A/g calculated from a large number of 
experiments. Circles refer to measurements made with L light filtered 
through CUSO4 only {cf. Fig. 1), crosses to measurements made with 
Wratten-filter No. 32 in addition to the CuS04*filter. Filter J2 cuts 
off all wave-lengths above the convergency limit of Br^ at SCXX) A. ; we 
used it at the beginning of our investigation in order to be sure of the 
absence of any effects due to excitation of Br2 molecules. The numerical 
coefficient in equation (5) is 3'io for the light filtered through filter No. 32. 

Fig. 6 shows that the values of A/g are practically constant at pres- 
sures above ii mm. The mean value is 35, which is remarkably close to 
the theoretical value 32 (shown by the thick line). A better agreement 
cannot be expected on account of the idealisations used in the theoretical 
treatment. An endless cylindrical vessel r = i cm., was considered in 


’ W. Jost, Z, physik. Chemie (B), 1929, 3, 83, 95. 
* K. Hdferding, W. Steiner, ibtd., I 935 . V 3 ^ 
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the derivation of (i), whereas the actual experiments were made partly 
in a cylindrical vessel r == i cm., d=: 10 cm., partly in a rectangular cell 
2 X 2 X 12 cm. 

This result proves the essential correctness of the theory of the thermal 
effect, especially the assumption that convection can be neglected in 
calculating the stationary state of the illuminated gas (at least in the case 
of pure Br2 vapour at pressures up to about 20 mm.). 

Below = II mm., the values of A/Q decrease. We predicted ^ 
that an effect of this kind must occur : it is due to the transition from the 
region of homogeneous recombination into that of predominant wall- 
recombination. The bending of the curve at /> = 1 1 mm. in Fig. 6 has thus 
the same meaning as the maxima in Figs 2 and 3. The decrease in the 
thermal effect at pressures below this point is caused by the walls ab- 



Fig, 6.— Dependence of the effect in pure bromine on pressure. 


sorbing the recombination energy of the atoms. In the extreme case of 
purely heterogeneous recombination the whole of the dissociation energy 
is conveyed to the walls. The thermal effect does not, however, disappear 
completely. This result was also predicted ^ as a consequence of the fact 
that the light-quanta absorbed are greater than those required for the 
bare dissociation of Br^ into two normal Br atoms. The excess energy is 
converted partly into the excitation energy of the one Br atom, and partly 
into kinetic energy of the atoms. With a mean wave-length 4330 A., this 
excess energy Q* is 


6300 - 4330 n 
^ ^ 6300 ^ 


= 0-31 Q 


(H) 


(6300 A. being the wave-length corresponding to the dissociation energy 
of Brj). The corresponding value of A/f 2 is 0*31 x 32 = 10, and Fig. 6 
shows that this is, in fact, the value A/j2 approaches at low bromine- 
pressures. 
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The number of double collisions which a Br atom suffers on its way to 
the wall [Le, on a diffusion-path of the order of i cm.) under a pressure of 
I mm. can be roughly estimated as being of the order of 10 ® (the diffusion- 
coefficient of Br atoms into Br, assumed to be of the order of 0*05). 
This gives an upper limit for the stability of the metastable state of 
Br for collisions with Br, molecules. 

The curve A IQ =^f{p) shifts towards higher pressures at lower light 
intensities, in the same way as was found for the curves of the dissociation 
effect.* Fig. ^ shows A\Q as a function of L at three different pressures. 
At sufficiently high L values, the limiting value 35 is already attained at 
pressures below ii mm. At sufficiently low L values, A IQ drops below 
35 even at a pressure as high as 16*4 mm. 

The position of the “ transition point *’ in pure bromine (p = ii mm.) 
can be compared with that found in other gases (for instance /> = 75 mm. 



5 K) f 5 20 15 


Fig, 7. — ^Dej^ndence of the effect in pure 
bromine on light-intensity. 


in CH4 and CO,). It gives an 
indication of the great velocity 
of homogeneous recombination 
of Br-atoms with Br, as third 
body. Unfortunately the posi- 
tion of this point depends not 
only on the value of Cl, but (as 
shown by Figs. 2 and 3) also on 
the diffusion-coeflScient of the 
atoms (which determines the 
slope of the ascending part of 
the curves). All we can say 
about the value of for Br,, 
therefore is, that it must be sen- 
sibly larger than the corres- 
ponding constant for CO, — 
probably not smaller than 
20 X 10-**. 

The effects discussed in this 
section bear a clo.se connection 
to the so-called ** Budde effect ” 


(increase in pressure of illuitunated halogen vapours) which has been the 
object of a great number of investigations. Most of them have beeen 
carried out under conditions which make '' theoretical treatment im- 


possible, (inhomogeneous absorption, complicated shape of the vessel, 
convection-currents, etc.). The experiments discussed above show that, 
if suitably simple conditions are chosen, this effect is susceptible of simple 
theoretical discussion and may be used to provide information concerning 
the mechanism of conversion of light energy into heat, heat transport, 
and heat exchange with the walls in different gases. 


Summary. 

The stationary state of dissociation of illuminated Br j vapour 

(a) Br, + hv ► Br -f Br 

(b) Br + Br ► Br, 

has been measured by an optical method described previously The 

^ermal effects were practically suppressed by using a sufficiently low 
bronune pressure. The velocity constants C, of the reactions 

(c) Br + Br -f X — ► Br, -f- X 
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have been determined lor a number of different gases X. (He, A, Ht, Nt, 
Of, CH4 and COf.) The results are given in Table II. The recombination- 
vdocity of Br atoms is 2 to 3 times smaller than that of the iodine atoms 
with the same " third body ** X. One collision Br -f Br in 1100 is a re- 
combining one in He at atmospheric pressure, i in 175 in COf, etc. 

The dependence of the degree of dissociation on light intensity, bromine 
concentration and pressure of the gas X is in agreement with the theory of 
the “ three body recombination.** Br, or other complexes play no r61e in 
the recombination process. Indications were found of some substances 
(HfO ?) catalysing ^e recombination process. 

The effects observed in pure illuminated Brj-vapour were also in- 
vestigated and found to be in quantitative agreement with the theory of 
the thermal effect. 

Our heartiest thanks are due to Prof. F. G. Donnan, F.R.S., for his 
interest and encouragement in the course of this work, and for the 
hospitality he gave us in the Sir William Ramsay Laboratories. 

Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry^ 

University College^ London. 


THE HETEROGENEOUS RECOMBINATION AND 
THE DIFFUSION COEFFICIENTS OF HALO- 
GEN-ATOMS. 

By E, Rabinowitch and W. C. Wood. 

Received 26th March, 1936. 

At sufficiently low pressures the recombination of photochemically 
produced atoms of Br or I takes place mainly on the walls of the 
vessel.'* ** ® The resulting stationary distribution of atoms and molecules 
was discussed in ^ for the simple case of a uniformly illuminated, in- 
finitely long cylindrical vessel of a radius R = i cm. The following 
equation was derived for the mean stationary decrease in the con- 
centration of Halj molecules in the central part of the vessel (r = 0*5 cm.). 

A[Hal,] = • ■ • (0 

Nf^,, is the number of quanta absorbed per sec, in i c.c., patni.(X) the 
pressure of the gas X (== He, . . .) filling the vessel and the 
coefficient of diffusion of the halogen-atoms into the gas X under atmo- 
spheric pressure. The concentration -change A[Hal2] was measured by 
means of an optical arrangement, described elsewhere.^* * 

Formula (i) requires a proportionality of the observed effect with 
the light intensity and with the pressure of the gas X. These laws 
in fact hold at sufficiently low pressures, as discussed**® and shown, 
for instance, in Fig. i for the case of iodine and helium. 

^ E. Rabinowitch, H. L. Lehmann, Trans. Faraday Soc., I935» 

* E. Rabinowitch, W. C. Wood, J. Chem. Physics, 1936. 
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The coefficient in (i) is based on the above-mentioned idealisation 
of the geometrical conditions— the actual reaction vessel was a rect- 
angular one, 12 X 2 X 2 cm. In observing the thermal effects, which 
occur under analogous conditions in pure bromine-vapour, we found * 
that the numerical coefficient in a formula derived under the same 
assumptions was not in error by more than lO per cent. We may 
therefore assume the same for the factor ^ in (l). The same experi- 
ments showed that at sufficiently low pressures the convection-currents 
play no r6Ie in conducting to the walls the energy absorbed in the body 

of the gas. We 
are therefore en- 
titled to assume 
that the migra- 
tion of the atoms 
to the walls also 
occurs solely by 
diffusion. These 
assumptions per- 
mit us to calcu- 
late, by equation 
(l), the diffusion- 
coefficient 
from the experi- 
mental values of 
^[Hal,] found at 
low pressures of 
the gas X. 

Tables I. and 
11. contain the 
experimen t a 1 
data. is cal- 
culated from L 
and /^[Halg] by 
means of equa- 
tions (4),*» ^ 
A[Hal,j 

from A/ and J 
by means of 
Fig* I. equations (i)* 

and ( 6).3 This 

gives us the equations above the tables permitting a calculation of 
directly from the experimental data. The most probable Z)o-values 
are in most cases those found at the lowest pressures and the smallest 
light-intensities, because under these circumstances the influence of 4he 
homogeneous recombination is smallest. 

Table III. gives the comparison of the jD^-values found for the dif- 
fusion of Br and I into different gases X. 

'Hie value for COg/Brj is an upper limit only, because 23 mm. is not 
a sumciently low pressure for this gas. 

Thecn'der of magnitude and the relative values of jD^ found for different 
gases X are all very plausible, thus showing the essential correctness 
0 tJie mechanism assumed. B is, however, unexpected to find the 

E. Rabinowitch, VV. C. Wood, This vol., 1936 (preceding paper). 
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diffusion-coefficients of the Br-atoms about 25 per cent, smaller than 
those of the I atoms ; the inverse relation would appear more likely in 
view of the relative masses and diameters of the atoms. 

Fig. 2 shows the known diffusion-coefficients of monoatomic gases 
as a function of their position in the periodic system. The values given 
in Table III. for the I atoms are in agreement with an interpolation for 

TABLE I. — Diffusion Coefficients of Iodine- Atoms. 


Do — 9*6 X lO"’ X L/>iniii.(X) X/>inin.(Ii) 


X. 

PiU), 

mm. 

/ X >0** 
nun. 

PW, 

mm. 

L, 

cm, 

L_ . 

AJ, 

mm. 

D.. 

Most 

Probable 

Value. 

H. . 

0-128 

3*97 

50 

7-i 

28 

o-esT 

0-6 




50 

35 

13-5 

063 / 


He 

0-136 

3-89 

54 

59 

26 

0-6^ 






54 

-27-5 

13*5 

0-56 

1 



0150 

38-! 

4‘* 

67 

1 2*2 

0*70 



1 



10-5 

7^ 

5*5 

0-77 

y 

0-6 




10-5 

3-2 

30 

0-64 






19*6 

bS 

10-3 

0*73 



1 

1 



34 

i 

09 

17-7 

0-76 j 



A , . i 

0-140 

4-42 

22 ! 

73 

55 

oiqI 

L 

o-i6 

i 



22 

34 

30 

o-lOJ 

1 


N, . . j 

0-141 

303 

13 

00 

39 

015 





i3 

31 

19*5 

1 0-14 

1 


i 



2(> 

60 

58 

0*20 ; 

[ 

1 o-M 





31 

31*5 

1 0-I7J 

1 


0, . 

0-142 1 


22 

5« 

27 

0-251 

1 






-26-5 

M 

0-22 

1 

0*18 


0141 

4-8i 

17 

(>7 

39 

0-20 

I 



1 



33 

21 

O-18J 

I 


CH, . 

o-iOo 

4-47 

17 

64*5 

37 

0-20 1 







30 

21 

0-17 






31 

61-5 

57 

0-26 

> 

0*17 


1 



-29*5 

29 ! 

0-20 




0-153 1 

4'it) 

-20 

79 

42-5 

0*22 







3« 

23 

0-21, 



CO, . 

0*141 

4-66 

14 

(^7 

47 

0-121 

0*1 1 

1 




31 

23 

O-II / 


C.H. . 

0150 

4*01 

31 

60 

30 

0-04 

0-04 


a monoatomic gas in the fifth period ; those found for the Br atoms 
are rather too small for their position in the fourth period. 

The Do values of I are more exact than those found for Br, because 
derived from much larger effects, it is, however, improbable, that 
all Ay-values used for Br^ are in error by as much as 50 per cent. 

A possible explanation of the experimental results which does not 
assume that the diffusion-coefl&cients of bromine-atoms are smaller 
than those of iodine-atoms is the following . In deriving equation (l), 
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we assumed the concentration of the atoms in the immediate neighbour- 
hood of the walls to be zero. If we put the concentration of atoms at 
the wall equal to some constant value [Br]© 4 * o, we obtain, instead of 
(l), the equation 

= • • ■ ( 2 ) 
The same value of A[Br2] now corresponds to a higher value of 
TABLE II. — Dipfusion-Coefficients of Bromine Atoms. 




X. 


J X 10*. 

PW , 

L , 


n«. 

Most 

Probable 

nun. 

mm. 

cm. 

mm. 


Value. 

H, . 

0*312 

5*13 

18 

58 

2*5 

0*35 1 






72 

58 

5*9 

0*59 


0*5 


0*525 

3*68 

47 

64 

6*6 

0 - 45 J 



He . 

0*79 

3*36 

36 

63 

9*1 

0341 


0*4 


0*30 

4*15 

41 

70 

11*2 

042 j 

r 

A 

0*29 

4‘39 

31 

55*5 

i6*2 

o*o8"| 




0*41 

4*23 

28 

62 

12*8 

0*12 




0*34 

' 3*96 

17 

65 

7*6 

0*10 

* 

0*11 




43 

65 

II 

0*17 



0*32 

4*02 

10 

68 

4*7 

0*09 






27 

63 

10*6 

0*11 J 



N, 

0*38 

3*62 

17 

67*5 

71 

0*12 

0*12 

0, . 

0515 

3*98 

12 

70 

68 

013 

013 

CH, . 

0*40 

4*37 

15 

67 

8*2 

0*11 

0*11 

CO, . 

0*335 

3*80 

23 

79 

8*8 

<0*13 

<0*13 


TABLE III. — Diffusion-Coefficients. 


X- 

H*. 

He. { 

N,. 

A. 

0 ,. 

CH«. 

CO«. 

C*H*. 

Br-atoms 

m 

Rl 

0*12 

0*11 

0*13 

0*11 



I-atoms . 



0*14 

o*i6 

0*18 

0*17 

0*11 

0*04 


0*8 

HI 

0*8 



0*6 



0,(1) • 

B 

0*7 

0*7 




The recombination of the atoms takes place in the following way : 
The atoms are adsorbed ; they move on the surface of the w^l as a 
two-dimensional gas and recombine by collisions. In the stationary 
state the concentration of tht atoms on the surface must be high enough 
to make the rate of recombination equal to the rate of production of 
atoms in the gas. In our experiments atoms were produced per 
second in the whole vessel (50 c.c.) ; they had to recombine on a surface 
of 100 sq. cm., thus requiring a rate of lo'® atoms per second per sq. cm. 
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If we assume the adsorbed atoms to be freely moving about, the total 
collision-number per second at a concentration [Haljadi. will be 

= 2^^[Hal]L.a . . . . (3) 

With a (the molecular diameter) = 4*5 A., ilf = 80 and T == 293® abs., 
we obtain 

Z = IO-* [Hal]L,. 

The concentration necessary to give Z == 10^* is 
[Hal] = 10® atoms/cm.*. 


If He 


This is a very small fraction of a complete layer and it is improbable that 
it gives rise to a vapour pressure of the order of I X 10*“^ mm. (which 
is the partial pressure 
of the Hal-atoms in . 

the centre of the 09 - S 

vessel). It is, how- \ 

ever, conceivable ^ 

that, because of some * 
restriction of the free 
motion of the atoms 
on the surface, the 
stationary concentra- 
tion of the atoms in 
the absorbed phase is 
much higher than lo*. 

The fact that the 
greater part of the 
surface is covered 
with adsorbed Haig 
molecules also in- 
creases the relative 
saturation of the sur- 
face with atoms. 

These two causes 
may result in the 
vapour pressure of 
adsorbed Hal-atoms 
becoming in fact of 
the same order as 
their pressure in the 
centre of the vessel. 

It is reasonable that 
this may occur with 

Br-atoms although not with I-atoms, because the energy of adsorption 
of the former is probably much smaller. 

We may thus suppose, that whereas the diffusion-coefl&cients given 
in Table III, for iodine are correct, the values calculated for bromine 
may be somewhat too small because of the neglect of the term i(Br]o 
in equation (2). 



oBrjHeCn 


S 

Fio. 2, 


" 'v ifA 

Period, No. 
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Note added in Proof , — Bodenstein and Winter have just published in 
Sitaungs-berichte a paper concerning the H« CIs reaction in which they 
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suggest that the stationary concentration of Cl atoms in an illuminated 
gas may be practically uniform throughout the vessel (instead of dropping 
to zero near the surface of the walls). This result is obviously in agree- 
ment with the idea we here put forward ; it is reasonable to expect adsorbed 
Cl atoms to have a vapour pressure even higher than that of the adsorbed 
Br atoms. We do not, however, agree with Bodenstein and Winter in de- 
ducing that the "accommodation coefficient" of Cl atoms wust be much 
less than unity. The important factor is the equilibrium-concentration 
of the atoms in the gas phase which may differ from zero, even if every 
atom striking the walls becomes adsorbed, so long as the velocity of de- 
sorption is sufficiently high. 


Summary. 

The diffusion-coefficients of the free atoms Br and I into different 
gases (He, A. N*, H„ 0 „ CH*, CO,) are calculated from measurements 
of the stationary dissociation of illuminated halogen vapours at low 
pressures. 

Our heartiest thanks are due to the Director of the Laboratories, 
Professor F. G. Donnan, F.R.S., for hospitality and encouragement 
he gave us. 

The Sir William Ramsay 

Laboratories of Physical Chemistry^ 

University College^ London, 


THE MECHANISM OF THE CATALYTIC EX- 
CHANGE REACTION BETWEEN DEUTERIUM 
AND WATER. 


By Adalbert Farkas. 

Received 23rd March^ 1936. 

The catalytic exchange of hydrogen and deuterium atoms between 
liquid water and heavy hydrogen, HD 4 . HjO HDO + Hj, was 
discovered ^ and fully investigated by Horiuti and Polanyi.* According 
to these authors this reaction involves the ionisation of the hydrogen 
or deuterium molecules on the catalyst (Pd, Pt or Ni). 

The subject of the present paper is the investigation of the catalytic 
exchange reaction in the gaseous phase on a hot platinum wire.* 

1. Experimental. 

The experimental arrangement was similar to that used in the in- 
vestigation of the catalytic interaction of deuterium and ammonia.* A 
platinum wire (50 cm. long and o*i mm. in diameter) mounted in the 

* J. Horiuti and M. Polanyi, Nature, 1933, *3^, 819. 

* J. Horiuti and M. Polanyi, Mem. Proc. Manchester Lit. Phil. Soc., 1934. 

® For an application of this reaction for a method of analysis of heavy water, 
see A. Farkas, Trans. Faraday Soc., 1936, 32, 413. 

* C/. A. Farkas, ibid., 416. 
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reaction tube as shown in Fig. i was used as catalyst, its temperature 
being regulated in the usual way by electric heating (Series I.) (resistance 
of the wire at 15° C. 35*4 ohms) or by heating the whole reaction vessel 
in a small electric furnace (Series 11 .). Whilst the two methods give 
concordant results so far as the progress of the reaction with time and its 
dependence on pressure are concerned, the 
dependence of the reaction rate on tem- 
perature was more accurately determined 
by the latter method since then every 
possibility of a non-uniform temperature 
distribution (due to end-losses and other 
causes ®) is excluded. If not otherwise 
stated the experiments w^ere carried out 
by this meth^. About i c.c. of water 
was placed either in the U-tube (see Fig. i) 
or at the bottom of the reaction tube which 
protruded from the furnace and was kept 
at constant temperature. Thus the re- 
action vessel always contained the vapour 
corresponding to the actual temperature 
of the water. 

The experiments were carried out as 
15 mm, Hg) of heavy hydrogen (60-100 per cent. D) was added to the 
w^ater vapour present in the reac tion vessel, the filament or the w^hole vessel 
heated to the given temperature ; from time to time small samples of gas 
were w'ithdrawm from the tube by means of the capillary lock and the 
D-content analysed by the micro-conductivity method.* In all experi- 
ments care was taken to ensure 
a complete mixing of the gases, 
i.e., to avoid any differences in 
the D-content of the hydrogen 
in the vessel and in that of the 
hydrogen near the lock, and 
also to avoid any inhibition of 
the exchange reaction by lack of 
a sufficient rate of diffusion of 
the water vapour to and from the 
liquid water. Since both liquid 
water and vapour were always 
present in very large excess the 
equilibrium in the exchange 
reaction was established when 
practically all the deuterium has 
disappeared from the heavy hy- 
drogen originally added. 

The catal^’tic activity of the platinum wire wras quite reproducible in 
a scries of experiments carried out during the same day, but changed some- 
what in the course of a few weeks. Thus care was taken to ascertain 
that no change had taken place in the activit)^ of the catalyst when, 
the dej>endence of the reaction rate on temperature or pressure w’as being 
investigated. 

To obtain some information about the state of the hydrogen in the 
adsorbed layer, in addition to the exchange reaction, the conversion of 
parahydrogen and <>rf/tadeuterium was investigated in a way similar to 
that employed in the catalytic interaction of deuterium and ammonia. 
This proved to be an excellent tool in investigating the surface properties 
of the catalyst. 


TABLE 1 . 


12 mm. H,0. 1.2 mm, Dj (88 percent, D) 

(Hxpt. II. 17). 


1 

Tune in Minutes 
U). 

IVi Out. I). 

! k « 1 th\ 

I 

0 

88 1 


.30 

^ 7-5 

0-00882 

45 

57*5 

o-cx>y40 

71 

47 

000875 

94 


0-00804 

217 

12 I 

00091 5 



Mean 0 00895 



Fig. I. 

follows : an amount (usually 


* A. Farkas and H. H. Rowley, Z. physik, Ckemie^ B., 1933* 335- 

* A. and L. Farkas. Proc. Roy, Soc., A,, 1934, 144^ 467. 
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2. Dependence of the Reaction Rate on Temperature. 

The progress of the exchange reaction with time is shown in Table I. 
at 236^. It will be noted that the progress of the exchange reaction is 
well represented by the expression 

(D) = 

(D) and (D©) denoting the percentage of D contained in the heavy hydrogen 
at time /, and < = o respectively), as shown by the constancy of k. 



20mm fSflf/r) H2O ZOmm p-Ht * Wfnm H^O. 

Rate of exchange onPr, ^ote of conversion 


Fig. 2. 


Fig. 3. 


Fig. 2 shows the progress of the exchange reaction in a mixture similar 
to that above in the temperature region 252-410® C., log D/D© being 
plotted against time. The temperature 410® C. was obtained by heating 
the wire electrically, while the reaction vessel itself was kept at 330® C, 

In fig. 3 similar lines are shown for the rate of the conversion of />-H, 
in the presence of water vapour, log k/w© being plotted against / (« = 


TABLE II. 


excess concentr. of 
It will be 


(Expt. No. 20. 13 mm. o-D, 4- 12 mm. H, 0 . 327® K.) seen that at the 


same pressure and 
temperature the 
parahydrogen con- 
version proceeds 
about d-io times 
more quickly than 
the exchange. 

Similar results 
were found if the 
vessel was kept cold 
and only the plati- 
num wire was heated 
electrically. One 
experiment prob- 
ably deserves mentioning in which the orMo-pura-hydrogen conversion and 
the exchange reactions are investigated simultaneously in the same gas 
mixture.^ In this experiment 13 mm. or^Ao-D© were added to 12 mm. of 
water vapour. The resistance v^ue of this o-D© as determined according 
to the microthermoconductivity method is 2*54 ohms higher than that of 
normal D©, into which it can be reconverted by passing it over a hot nickel 
filament.* Thus the resistance value of each sample withdrawn fi*om the 
reaction tube was determined, first directly, then after having passed the 
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nickel filament : the latter value giving the percentage D. the difference 
between the former and the latter (AIJ) the amount of orfAo-D, in excess 
relative to normal D,. Table II. shows the results obtained. The figures 
listed in column 2 under heading Q represent the additional resistance 
value of the sample compared with normal H*. 

In evaluating the figures listed in column 3 one had to take into 
account that with the percentage of D the percentage of the molecules D, 
also decreases. Since per cent. D, = (per cent. D)*/ioo, the figures in 
column 5 were obtained from 

AQ X 100 

X loo* 

2*54 X cent. D, 

The actual per cent. o-D, is obtained by adding one-third of these figures 
to 66 per cent, which is the percentage of o-D, in normal deuteriums. 
From this table it is evi- 
dent that whereas the 
ortho-T>i content has de- 
creased in 5 minutes to 
half of its original value 
the D-content decreases 
by the same amount in 
42 minutes, i.e. the ratio 
of the velocities for these 
two reactions is again 

8 : I. 

In a third series (the 
catalyst having slightly 
higher activity than in 
experiments shown in 
Fig. 2) the rate of the 
/>amhydrogcn conversion 
was investigated in the 
absence of water vapour 
the U-tubc containing 
the water being kept at 
the temperature of liquid 
air. The results obtained 
are summarised in Table 
III. together with the 
data represented graphic- 
ally in Figs. 2 and 3, the reaction velocity being characterised by the half-life 
time r ~ In^/k. The activation energies listed in column 4 w'ere calculated 
in the usual way according to Arrhenius’ formula. 

It is evident that in the presence of w-ater vapour the pamhydrogen 
conversion appears to be inhibited and its energy of activation con- 
siderably increased, 

3. Dependence of the Reaction Rate on Pressure. 

Both the rate of the exchange reaction and the rate of the parahydrogen 
conversion have been investigated in respect to their dependence on the 
water vapour pressure and hydrogen or deuterium pressure. Some 
t5rpical results are summarised in Tables IV. to VII. 

These results indicate : The absolute rate of the exchange reaction 
(t.tf,, the number of D-atoms exchanged) being proportional to the ex- 
pression pressure/T {cf, column 4, Tables V. and VH.) increases somewhat 
less than linearly with increasing deuterium pressure but is practically 
independent of the water pressure. (The slight decrease in velocity writh 
decreasing H«0 pressure might be due to lack of sufildent speed of difiusion 
between the reaction vessd itself and the U-tube containing the liquid 


TABLE III. 


No. 



Half-Ufe Time (t) 
in Minutes. 


Energy of 
Activation in 
Kg cals. 


Pamhydrogen conversion (20 mm.) in the 
absence of water vapour. 


II 

11 

142 

11 

10 

182 

II 

9 1 

i 217 


9*5 

4-8 

3 


} 


6-4 


186 

45 1 

252 

10 ^ 

322 1 

! -j-sJ 


the 


Parjrhydrogen conversion (20 mm.) in 
presence of (10 mm.) water vapour. 

II 23 

II 22 1 252 1 10 I lo S 

11 21 


Exchange reaction 20 mm. D, 10 mm. H.O. 


n 31 

252 1 

120 1 


II 30 

324 ! 


LV 5 

n 32 

410 

5 -jf 

n 3r.i 

535 1 

J 

i 

i 



926 REACTION BETWEEN DEUTERIUM AND WATER 


TABLE IV. — Dependence of exchange on the 
H gO Pressure. D, Pressure == 20 mm. 


No. 

Temjg^ature 

H *0 Pressure 
in mm. 

1 

Half-life (t) in 
Minutes. 

II 27 

322 

I 

32 

II 26 

325 

4*5 

34 

n 25 

326 

lO 

23 

n 33 

410 

4*5 

8 

II 32 

410 

13 

5-2 

n 3^ 

410 

17 

6 


TABLE V. — Dependence of Exchange on the 
Deuterium Pressure. Temperature 296® C. 
HjO Pressure — ii mm. (Wire Heated 
Electrically.) 


No. j 

Deuterium 
Pressure in 
mm. 

Half-life (t) in 
Minutes. 


I 24 

10 

25 

0-4 

I 23 

24 

28 

0’86 

I 22 

55 

35 

1-58 


TABLE VI. — Dependence of the Rate of Para- 
hydrogen-conversion on the H ,0 Pressure. 
/>-H2 Pressure = 20 mm. 


No. 

Temperature 

®C. 

Water 
Pressure 
in mm. 

Half-life in 
Minutes. 

Relative 

Velocity. 

II 


140 

0 

20 

1*00 

II 

13 

142 

5 

75 

0*27 

II 

6 

218 

0 

2*0 

I-OO 

11 

7 

218 

5 ! 

4-5 

0*45 

II 

8 

218 

16 

8-4 

0*24 

II 

9 

218 

0 

30 

II 

29 

244 

0 

2-6 

1*00 

II 

28 

248 

0-4 

3-4 

0*67 


TABLE VII. — Dependence of the Rate of the 
P iffaHYDROGEN CONVERSION ON THE HYDRO- 
GEN Pressure. Temperature == 254° C. H^O 
Pressure ^12 mm. (Wire Heated Elec- 
trically). 


No. 

p-Ht Pressure 
in mm. 

Half-life in 
Minutes. 

Pressure/T. 

1 l8 

7 

5*5 

1*27 

I 14 

14 

y (> 

2 50 

1 17 

35 

6*5 

5*4 


water.) On the other 
hand, the absolute rate 
of the ^arahydrogen con- 
version is proportional 
to the /^arahydrogen 
pressure, but is strongly 
inhibited by the pres- 
ence of water vapour. 
The inhibition is the 
more marked the lower 
the temperature, e.g., at 
140"^ C. 5 mm. of HjO is 
enough to cut down the 
velocity of the conver- 
sion to nearly one 
quarter. This inhibition 
by water is reversible, 
i,e., the original activity 
is recovered as soon as 
the water is removed (c/. 
Table VL). 

4. Dependence of the 
Reaction Rate on 
the Treatment of 
the Catalyst. 

In the experiments 
so far described the cata- 
lyst was not specially 
treated, and it was found 
that in the temperature 
region investigated the 
activity for the conver- 
sion reaction in absence 
and presence of water and 
for the exchange reaction 
was fairly reproducible. 

In the following ex- 
periments the activity of 
the platinum wire was 
measured by the cata- 
lysis of the /)amhydrogen 
conversion in the absence 
of water vapour (U-tube 
kept at liquid air tem- 
perature, cf. Fig. i). It 
was found that by glow- 
ing the wire in vacuo its 
activity was increased 
manifold, and water 
vapour had an extremely 
strong poisoning effect 
apart from its reversible 
inhibition already de- 
scribed {cf. Table VI.) . 
On the other hand, addi- 
tion of air did not influ- 
ence the activity. 
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The wire in its active form caused a considerable p-Ht conversion even 
at lower temperatures. The rate of the conversion was again not altered 
by bringing the wire into con- 

TABLE VIII. — 132° C. Pressure 15-20 mm. 

(Water Vapour Absent if not 
Otherwise Stated). 


tact with a few millimetres 
of air ’ but was cut down to 
less than a tenth by adding 
and removing 0*1 mm. of 
water vapour (cf. Table IX.). 

The highly active form of 
the wire could be also ob- 
tained by heating the wire 
in hydrogen to temperatures 
above 300° C. as showm by 
the following experiment. 

After the wire has been in 
contact with H *0 vapour 
the conversion was measured 
at 238^ C. and a half-life of 
2*7 mins. The reaction pro- 
ceeded strictly according to 
the exponential law (cf. Fig. 3) showing that during the reaction time 


No. 

Treatment. 

Half-life of 
Conversion in 
Minutes. 

II 35 

Wire after contact with 

30 


w ater vapour 


II 36 

(flowed in vacuo 

0'5 

11 37 

4-5 mm. HjO added j 

f»3 

II 3 « 

Water frozen out 

20 

II 

(flowed in vacuo 

3-2 

II 40 

Glowed in vacuo 

0-5 

II 41 

Air added and removed 

0-8 


no change of the activity has occurred. 

TABLE IX. 


The following experiment was 
carried out at 
326° C. when a 
very quick reac- 
tion (half-life less 
than half a minute) 
was observed. On 
lowering the tem- 
perature to 244® C. 
the reaction pro- 
ceeded at least 10 
times faster than 
in the preceding 

run, and even at 30® C. with a speed corresponding to a half-life time of 
40 mins. 

TABLE X. 


No. 

Treatment. 

”C. 

Half-life of 
Conversion in 
Minutes. 

II 42 

Wire active 

\Sh 

20 

3 

II 43 

Gontact with air 

^98 

l‘l 

n 44 

Contact with o*i mm. H^O 

98 1 

1 

^3 


No. 

Remarks. 


Half-life of Conversion 
in Minutes. 

Activation 
Energy in 
kg. ^ 

11 (>4rt 

(a) 4 5 mm. HjO 

-25 

400 



1 1 (jOa 

s # * 1 

64 

3 » 



11 666 

» s t » 

94 

9 

► 

137 

II 63 

, , , , 

122 

2*2 



11 05 

.. 

I 3 <> 

i-ij 



11 (H)b 

(b) Water frozen out 

20 

40 ^ 



11 69a 

t f IS 

59 

10 



II 68 

It M 

82 

4*6 


0 4 

11 70 


143 

omJ 



II 72 

(f) W ire heated in H, 

21 

1-21 

L 

5 f> 

11 73 

M 

46 

0*6 j 

r 

I 


II 74 

o-oi mm. H ,’0 added 

44 

4*4 



The poisoning by contact with water vapour and activating by flashing 
the wire in vacuo or heating in H, could be reproduced several times. 

’ K. F. Bonhoelfer and A. Farkas, Z. physik. Chemie, B., 1931, 12, 231. 
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Actually it was found that by such an alternating treatment the wire 
became more and more active. With the wire in its most active form in 

three separate runs 


dig z<. 



Temperature dependence of — 

(A) The exchange reaction. 

(B) The conversion in the presence of water vapour. 

(C) The conversion in the absence of water vapour. 

(D) The />-H, conversion on the flashed wire. 

The letters with dash refer to experiments with the 
wire in its most active form. 

Fig. 4. 


the tem^rature de- 
pendence of the rate 
of the />ar<ihydrogen 
conversion at 16-20 
mm. pressure was 
redetermined, (a) in 
the presence of 4 5 
mm. water vapour ; 
(h) after having 
frozen out the water 
vapour ; (c) after 

having heated the 
wire in H, to 320® C. 
The results are listed 
in Table X. 

Since in the last 
experiment the 
water was added by 
wanning the U- 
tube with the wnter 
(or rathei ice) from 
liquid air tempera- 
tures to — 55"' C. 
any pos.sibility of 
the wire being 
poisoned by im- 
purities such as 


grease or mercury w’as completely excluded. It is probably worth while 
pointing out the relatively strong poisoning effect of even such minute 
quantities of water and the large factor of 400 which separates the velocity 


f^dsorptionlm arbi^ory units) on Pt 

10 


06 

06 

I 

m 

oz 


<0 20 

Fig. 5. 



.... 





4 

! 







i 

1 

1 



\ 





f 









1 




.j 




30 mm 


at room temperatures on the active wire from the speed in the presence of 
4*5 mm. water vapour. 

The data of Tables HI. and X. are shown graphically on Fig. 4, the 
logarithms of the half-life times being plotted in the usual way against 
the reciprocal absolute temperature. It will be noticed that though the 
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absolute velocities vary in the two sets by a factor of 100 the corresponding 
lines are more or less parallel as is also indicated by the activation energies. 

For the sake of comparison one run of the exchange reaction was also 
made on the wire in its most active form. At 204® C. and 12 mm, HjO -f 
24 mm, deuterium (87 per cent. D) the half-life was found to be 45 minutes 
(point A' in Fig. 4), i.e., the exchange was proceeding about 10 times 
more quickly than in the experiments fisted in Table III. 


5. Exchange Reaction with Liquid Water, 

In two additional experiments carried out at 20® C. the rate of the 
oftho~para conversion was compared with that of the exchange reaction 
involving liquid water ac- 

TABLE XI. 

1^-black — 80 per cent. DgO — 


Minutes. I 

Percent. D. 

( z>« 

Per Cent. 
in Excess. 

0 

I' " 

0 

100 

100 

^•3 

4 1 

93 

95 

^5 

12 , 

7 « 

89 

2 H 

275 

4^ 

80 

3 ^ ■ 

35 

3 « 

52 

50 

y) 

30 j 

— 

(M> 

5^' 


— 

(in oquilibr.) 





cording to the same tech- 
nique as described on page 
924, 

In one case the exchange 
reaction between 80 jxjr 
cent. I),0 (containing N 
sodium hydroxide) and 
/>^r«hydrogen (20 mm.) 
was investigated, platinum 
black lieing used as cata- 
lyst. In the other case a 
suspension of B roll ♦ in 
^irdinaiy* water was brought 
into contact with o-I)| and 
the enzymatic catalysis of 
the exchange reaction was 
followed up. The results listed in 
Tables XL and XII. in the last 
column again indicate the relative 
}>ercentage of the or e-D, in 

excess in the same sense as in Table II. 

With platinum as catalyst the conver- 
sion proceeds definitely more slowly, 
whereas wdth the enzyme catalyst the 
conversitm is practically negligible 
when compared with the exchange 
reaction. This is a remarkable fact 
since in the va|X)ur phase reaction it 
was found that the para-ortho conversion was the quicker process. This 
Ix'haviour immediately indicates that in the two systems two different 
mt*chanism8 are responsible for the exchange reaction. 


TABLE XII. 


e-Dj. 


Time in ! 

Minutes. j 

1 

Per Cent. D. ! 

Per Cent. o-D* 
in Excess. 

1 

0 

100 

i 100 

84 

88 

99 

124 

77 

100 

25b 

b 4 

98 

286 

02 

95 


6. Discussion. 

The dependence of the conversion on pressure gives information 
as to the concentration of water and deuterium on the surface. Since 
the inhibition of the poroliydrogen conversion by water vapour is 
completely reversible it is most probably due to the surface of the catalyst 
being covered by an adsorption layer of water. The amount of water 
covering the surface is then proportional to the inhibition effect. On 
the other hand, the concentration of the hydrogen in the adsorption layer 
will be proportional to the absolute rate of conversion or to the expression 
“ pressure /half-life time listed in Tables V. and VII., column 4. The 
adsorption isotherms so obtained are shown in Fig. 4 for temperatures 

♦ The author is very much indebted to Dr. J. Yudkin for the trouble he has 
taken in preparing the B, colt culture. 
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round 230® C., the concentration in the adsorption layer being given 
in arbitrary units. It is evident that whereas the curve for HgO is 
characteristic for strong adsorption that for hydrogen indicates weak 
adsorption, the concentration in the adsorption layer being nearly pro- 
portional to the pressure. Qualitatively the same conclusion can be 
drawn from the pressure dependence of the exchange experiments. 
Again the absolute rate of exchange varies nearly linearly with the 
deuterium pressure but is not much dependent on the water pressure. 

With regard to the energetics of the individual processes involved 
in the exchange reaction between deuterium and water vapour we may 
draw conclusions from the activation energies obtained (see Table XIII.). 
The activation energy for the parahydrogen conversion in the absence 
of water can be attributed to a process involving dissociation of the 
molecules and probably migration of the atoms. 

The difference between the activation energies for the conversion 
in the presence and absence of water vapour, 4*4-7'3 K. calories, 
is to be regarded as the heat of adsorption of water on platinum, whereas 
the apparent energy of activation of the exchange is characteristic for 
the rate-determining step itself. 

TABLK XIII. 



1 Activation Energy* on the 

1 


Less Active 

More Activ( 


j Wire. 

Wire. 

Exchange reaction ...... 

1 *3-5 



p-Con version in the presence of water 

10*8 j 

EV7 

p-Con version in the absence of water . 

j 

0*4 

p-Conversion on the flashed wire 

1 

5'^ 


The next question to decide is what is thi.s rate-determining step. 
It is certainly not the dissociation of hydrogen or deuterium molecules, 
since it has been found that the p^mconversion proceeds about lo time.<, 
and on the wire in its most active form about 100 times, more quickly 
than the exchange. That this is not necessarily always so is clearly 
shown by the exchange experiments involving liquid water. 

In the experiments with liquid water on the contrary’ it was found 
that the para-ortho conversion was the slow process especially with the 
enzymes of B. coli as catalyst, when there was hardly any conversion 
to be observed at all. Obviously in liquid water the dissociation of the 
hydrogen molecules is the rate-determining step, and this is immediately 
followed by the actual exchange reaction proceeding, at such a high 
speed that the atoms once formed have little or no chance to recombine 
to normal molecules and thus cause a conversion. This quickness of 
the exchange reaction becomes understandable if we assume with 
Horiuti and Polanyi * that in the presence of water not atoms but 
ions are produced, from the hydrogen molecules. Naturally the ex- 
change* of hydrogen ions so produced with the hydrogen or deuterium 
ions of the water will proceed in general more quickly than the discharge 
of two ions and the subsequent recombination to normal molecules. 

On the other l^d, in the catalysis of the gaseous exchange reaction 
the irreversible poisoning of the activated wire by traces of water vapour 
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suggests itself as the process connected with the rate-governing step in the 
exchange reaction. This poisoning effect of water is similar to that of 
NH3 found on an iron catalyst.^ The irreversibility of the poisoning 
and its removal by heating the wire in hydrogen or glowing in vacuo 
could be attributed to the formation of some kind of a surface oxide or 
hydroxide which is reduced by hydrogen or decomposed at high tem- 
peratures. If the reduction of this surface oxide proceeds quickly 
enough an exchange reaction is observed, and it is most probable 
that actually the reduction of this surface compound is the rate-deter- 
mining step in the exchange reaction. A direct proof for this view could 
be given by showing that the dependence of the rate of removal of this 
surface compound on temperature runs parallel with that for the exchange 
reaction. Such an investigation is planned also in connection with the 
catalysis of this exchange reaction by iron and copper in comparison 
with the reduction of iron and copper oxide. 

From the results of the present investigation we may construct the 
following picture of the interaction of water and hydrogen on the surface 
of platinum. After having flashed the platinum wire its surface is more 
or less bare. Hydrogen molecules are readily dissociated into atoms on 
this surface, and the atoms also readily recombine to molecules. If 
water molecules come into contact with the platinum they are immedi- 
ately very strongly taken up and fonn a stable film of hydroxide or 
oxide covering most of the platinum surface. This film cannot be 
pumped off. A further amount of water is adsorbed reversibly, covering 
the areas left bare by the hydroxide film. In the presence of hydrogen 
and water with increasing temperature, first the reversibly adsorbed 
water layer is removed, then the hydroxide film begins to interact with 
hydrogen and is eventually reduced and removed. The formation and 
reduction of surface hydroxides takes place alternately and when with 
sufficient speed the catalysis of the exchange of hydrogen and deuterium 
atoms between the light or lieavy water and hydrogen sets in. 

Summary. 

The catalytic c-xchange reaction between deuterium and w^ater vapour 
HD h HgO H, - HDO 

occurring tni a platinum wire has been investigated at pressures of 10-70 mm. 
and in the temperature region ^50-410'^ C. The speed of the exchange 
reaction has l>een compared with the oriho-para conversion and hydrogen 
which pnx:ee<is alx)ut 10 times more quickly. 

The pressure dependence of the exchange reaction and conversion 
reveals that under the experimental conditions water is strongly adsorbed 
and hydrogen weakly. It has been sho^vn that by glowing the filament 
in vacuo or heating it in hydrogen a very active catalyst is obtained for 
the para-ortho conversion wdiich is, however, irreversibly poisoned by 
traces of water vapour. This fxiisoning effect is to be distinguished from 
a reversible inhibiting effect of the presence of water vapour on the rate 
of the para-ortho conversion. 

As apparent energies of activation the following values have been found : 

For the exchange reaction .... 13*5 K cals. 

For the conversion reaction in the presence of w^ater io*8-i3*7 K cals. 

For the conversion reaction in the absence of water 6*4 K cals. 

For the conversion reaction on the activated wire yb K cals. 

Most probably the lowest energies of activation are to be connected with 
the dissociation and migration of hydrogen. It is suggested that the 
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difierence between the energies of activation for the conversion reaction 
in the presence and absence of water vapour is the heat of adsorption of 
HjO on platinum and the apparent energy of activation for the exchange 
reaction is characteristic for the rate-determining process itself. It is 
shown that the rate-determining step in the exchange reaction is not the 
dissociation of the deuterium molecule. This is in contrast to the mech- 
anism of the exchange reaction involving liquid water catalysed by enzymes 
or platinum black, when the conversion reaction is relatively slow and the 
rate depending step for the exchange is the ionisation as shown by Horiuti 
and Polanyi. It is suggested that in catalysis of the gaseous reaction the 
reduction of a surface oxide or hydroxide formed by the interaction of 
water vapour^ and platinum is the rate governing step. 

The author has much pleasure in expressing his appreciation of the 
interest Professor E. K. Rideal, F.R.S., has shown in this work. He is 
also indebted to the Imperial Chemical Industries, Ltd., for financial 
assistance. 
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THE SWELLING OF PROTEIN FIBRES. PART V. 
THE SWELLING OF SINGLE COLLAGEN FIBRE 
BUNDLES UNDER LOAD. 

By Dorothy Jord.an Lloyd and Robert Henry Marriott. 

Received 6 th April, 1936. 

{From the Laboratories of the British Leather Manufacturers' Research 

Association.) 

The swelling of single collagen fibre bundles teased out of mam- 
malian hides or skins has been described in previous communications 
(Marriott, 1932 ^ and Jordan Lloyd, Harriot and Plea.ss, 1933).* In this 
earlier work, changes in length and breadth over a range of />h from 
o to 14 w^ere followed for fibres both from fresh hide and from hide which 
had been treated to remove non-collagenous proteins and subsequently 
dried by extraction with acetone. The fibres were allowed to swell 
under a light load of about 0*25 g. The fresh and dried fibres show similar 
behaviour according to the of the surrounding fluid but the degree 
of swelling was found to be widely different in the two cases, the fresh 
fibres swelling more freely than the dried. Fresh fibres and dried fibres 
differ also in another particular — the collagen fibrils of which they arc 
composed are held together by encircling sheaths of reticular tissue 
(Kaye, 1929)® which, in fibres strongly swollen in acid or alkali, are rup- 
tured, the remains of the non-elastic reticular sheath becoming visible 
as constricting bands seen at intervals along the swollen and distorted 
fibres (Kaye and Jordan Lloyd, 1924).^ The behaviour of the reticular 

* Biochem. J 1932, 36, 46. • Trans. Faraday Soc., 1933, 39 , 554. 

J. Internal. Soc.^Leather Trades* Chemists, 1929, 13, 73. 

* Proc. Roy. Soc., B , 1924, 96, 293. 
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sheath varies with different fibres and under different conditions. It 
it more readily ruptured in fibres from adult animals than in those 
from young animals (Jordan Lloyd and Mariiott, 1935,® Leplat, 1935},® 
and it seems to be more readily ruptured in fibres from fresh hides or skins 
than in those from dried hides or skins. In support of the latter conten- 
tion it may be mentioned that fibres from commercial air-dried hides 
or skins do not show constricting rings when swollen in acid or alkaline 
solutions, though fibres from similar material which has been treated 
for some days with a suspension of lime containing fair amounts of 
sodium sulphide in solution will, after deliming and swelling in acid 
solutions, show some constricting rings. The rings canrako be seen in 
fibres from acetone-dried material when swelling freely though they dis- 
appear if the fibres are put under load (Marriott). Since the acetone — 
dried fibres swell less under the same conditions than the fresh fibres, 
it seems clear that the reticular sheaths are less easily tom. In the pre- 
sent work, where it was desired to use the same fibre in a number of 
experiments, this Was obviously an advantage. Fresh fibres after two 
or three loadings and swellings were found to fray out and become dis- 
organised. Hence only fibres from pieces of ox-hide purified and dried 
with acetone by the method previously described (Jordan Lloyd, Marriott 
and Pleass) have been used in the present work. 

The fibres used in the experiments were fixed at their lower ends and 
the upper ends were clipped to a thin wire, to the free end of w^hich a 
variable load could be applied. Changes in length and breadth for 
changes in load and for changes in of the surrounding fluid were 
measured photographically by the method previously described (Marriott). 
The behaviour of the fibres under identical conditions varied to some 
extent. This is doubtless due to structural causes. The fibres were 
about 0*1 mm. wide, and show^ed reversible extension of i ± 0*4 per cent, 
for ever>’ gram of load. Generally they broke under loads of 7 to lO g. 
though a few fibres could carr>' a load of 13 grams. One gram load is 
equivalent to a stress of rather less than 200 lbs. per sq. inch. The 
breaking stress of the fibres is therefore of the order of 1400 to 2000 lbs. 
per sq. inch. 

Experiments with dry’ fibres show^ed that their extension under load 
w'as approximately half that of the wet fibres. The extension was 
reversible on removing the load. The breaking stress was rather higher 
than for wet fibres. 


Experimental. 

<A) The Elasticity of the Fibres. 

Since it was noticed early in the work that no two fibres behave in 
exactly the same way under varying conditions it was convenient to use 
the same fibre for a number of experiments. It was therefore important to 
establish whether the fibres imder load behaved like elastic or like plastic 
bodies. This was rendered aU the more important in \ 4 ew of the Ukct 
that Chernov (1936) * has recently shown that leather under repeated small 
mechanical stresses shows plastic properties. Although it had previously 
been shown that repeated swelling and de-swelling of a fibre w ithout load 
in hydrochloric acid induces a permanent change in its properties, fibres 
can maintain their elastic prop^es unimpaired for over thirty loadings 

* Proc. Hoy. Soc., B, 1935, * *** 43 ^* 

* Cothgium, 1935. 7 ^* 5 i 3 - 

* /. Jntomai. Soc. Leoiher Trodos* Ch$inist$, 1936. 10, 121. 

33 
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under varied experimental conditions. This is illustrated by reference 
to Fig. I which shows the behaviour under load of fibre No. i when stretched 
in water. This occurred at the ist, 5th. 9th, i6th, 21st, 25th, 29th and 
35rd loadings (only 4 of these loadings are shown in Fig. i). Other inter- 
mediate loadings took place in hydrochloric, nitric and acetic acids and 
sodium and potassium hydroxides. Over the whole range of experiment, 
length in water for a given load remained the same. Continuous experi- 
ment has a more marked effect on width. Width in water for a given load 
becomes somewhat erratic after about 25 loadings. The extensibility of 
the fibres is therefore independent of internal changes in structure which 
lead to an increase in diameter. This is shown even more clearly on re- 
peated loadings in lime water. Fibres No. 5 and No. 6 were stretched in 
water and in a saturated solution of lime water. In the latter, loading 


Lenyfi* 



Fig. I. 


# ~ ist loading 
A ^ 5th 
X — 25th „ 

O = 33rd „ 


in water. 


Fibre i. 





L<nsfh 


t 2 
ho44 mj — ' 


# Fibre i in Water. 

< „ ,, N/iooo HCl. 

© o .. .. HNO 

A .. H,SC 

# Fibre 2 ,, Water ( t 

□ .. 2MNaNOJ^ 


.. HNO,. 
H,SO*. 


took place at once and at one day intervals up to 7 days. For the first 
6 days the extensibility of the fibres was unchanged although they were 
gradually increasing in width throughout the whole time. 

In all experiments on loading the fibres, initial and final measurements 
were taken of fibre dimensions without load. Recovery was very rapid 
and in most cases complete. 

The elastic limits of the fibres were therefore not exceeded w*ithin the 
range of the experiments and the elasticity is evidently founded on some 
very stable fundamental structure. 


(B) Behaviour Under Load at Various ph Values. 

When stretched in water, the length of the fibre plotted against the 
load gives a straight line with most fibres. With a few, stretching is 
greater in proportion for the light loads. This is due to the dry fibres 
having become crumpled and part of the gain in length for light loads is 
due to the straightening of the fibre. The percentage elongation per unit 
of load ^^aries shghtly with the different fibres but is of the order of i per 
cent, pen gram (Fibre No. i). The percentage decrease in width is also 
uniform Ind of the order of 0 5 per cent, per gram. 
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In solutions which do not induce contraction in fibre length (such as 
N/iooo HCl, N/iooo HNO3 and N /looo H,S04, N/100 CHjCOOH, 2M 
NaNO,, N/io HCl -f zM NaCl, and, in many cases, N /20 Ca(OH)2), the 
elongation of the fibre under load is the same as in water. Although the 
actual width of the fibre may l^e very different under the different cir- 
cumstances, the diminution of width underload is similar (Figs. 2, 4 and 5). 

In water and in N /lo HCl -f- 2 A/ NaCl, (neither of which induces an 
increase of width) width is a straight line function of load (Fig. 8). In 
solutions which cause increase of width without contraction in length this 
simple relation no longer holds, and some loss of water occurs over and abov^e 
that squeezed out by the stretching of the fibre. This water may have 
simply diffused freely in between the fibrils, which can always be seen as 
distinct entities under these conditions. It will be suggested later that 
the bulk of the water which enters the fibre fnim these .solutions becomes 
bound to the collagen m^)l€‘culcs of the fibrils and is not displaced by a 
pull along the fibre axi.s. 



Fig. 3. 

# Fibre i in Water. 

< .V ' 100 HCl. 

O HNO,. 

A H,S04 


Ltnjth 




o .V 20 NaOH. 

0 KOH. 

.V Fibre i in *V/2o CalOH), (after 15 
mins.). 

* Fibre i in A’/2o Cci(()H), (after 48 
hrs.). 


With solutions which induce contraction in length, however, this 
contraction is always associated with an increase of width and volume. 
The gain in volume is brought about by absorption of water due to osmotic 
forces. Solutions such as S j 100 HCl, S jioo HNO„ A’/ioo H,S04, A’ 
CHjCOOH, S j 20 NaOH, S j 20 KOH all lead to absorption of water under 
osmotic forces with contraction of length and increase of widtli. The first 
effects of loading such water-distended fibres is to squeeze out the osmotic 
water with a resultant gain in length and loss in width. The fibre elongates 
rapidly with increasing loads up to al>out 3 to 4 grams, after which in the 
case of N j 20 NaOH, and N jzo KOH the curve of length to load runs parallel 
to that found when stretching in water. In acid solutions the fibre be- 
comes more extensible as the falls, (Sec Figs. 3 and 4,) 

A striking feature of the behaviour of these osmotically distended 
fibres under load is that while it is comparatively easy to extend the con- 
tracted fibre to its original length in water, the width may remain consider- 
ably greater than the original width in water. This can be seen with 
fibres swollen in dilute strong acids and in alkalies (Figs. 3 and 4), It is 
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particularly striking with acetic acid (Fig. 3). This is also borne out by 
reference to the and />irwidth curves for fibres in hydrochloric 
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acid. A load of 7 grams is sufficient to extend the acid-swollen fibre back 
to normal length (Fig. 6) bnt is insufficient to bring it back to normal 
width (Fig. 7). 
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Discussion. 

The absorption of water by a collagenous tissue such as a hide or skin 
has long been recognised in the tanning industry to occur in two different 
manners. Hides or skins may become distended with water or 
** plumped ** in which case tliey are turgid and translucent. This occurs 
in acid or alkaline solutions in the absence of dissolved salts. They may 
however become swollen with water yet remain flaccid and opaque. This 
occurs in salt solutions. Microscopical examination shows that the fibres 
in the former case are glas.sy and closely packed and pressed together ; 
in the latter the weaving is much looser and the individual fibrils of the 
fibres can be clearly seen. Marriott has previously pointed out that in 
the isolated fibre bundles these two types of water absorption can be 
distinguished. In the present work the distinction is even more clearly 
marked. “ Plumping,” which occurs in acid and alkaline solutions and 
is characterised by a shortening of the fibre, can be reversed by loading 
the fibre. Swelling which occurs in salt solutions and also is now shown 
to accompany ” plumping ” is characterised by an increase in w’idth of 
the fibre and cannot be reversed by loading the fibre — it can, however, 
be reversed by washing the fibre thoroughly in water. 

It is now possible to differentiate the chemical bases of these two types 
of water absorption. ” Plumping,” (w'hich is characteristic of acid 
solutions, shows a maximum at about 17 for acetone-dried fibres and 
is completely suppressed by the presence of dissolved salts — see Fig. 8), 
is due to salt formation between the collagen and the acid and the estab- 
lishment of a Donnan equilibrium. The fibres absorb water and swell, 
the monovalent strong acids causing more swelling than the divalent 
(see Fig. 3). Owing to the lateral bindings of the collagen molecules which 
lie parallel to the fibre axis, the water drawn in under the osmotic forces 
of the Donnan equilibrium can only be accommodated at the expense of 
the fibre length, i.e., the water forces the molecules to bulge sideways in 
the regions between the collateral bindings (Jordan Lloyd, 1932).® By 
pulling out the fibre, the osmotically-held water is forced out. The force 
required to expel this water is about 7 gram load on a fibre of i mm. 
diameter or approximately I5 ck) lbs. per sq. inch. The osmotically held 
water can be regarded as ” free,” as far as the protein is concealed and 
the order of the forces required to expel it from the system is less than 
the order of the forces required to expel the loosely bound water oi iso- 
electric gelatin in equilibrium wnth water. Jordan Lloyd and Moran 
(1934) • find that 8cxx> lbs. per sq, inch is required to remove the latter. 
Osmotically held water leads to a loss in fibre length and gain in fibre 
width. Loading the fibre restores the length and ver\^ h^rgely restores the 
width. 

When acids act on collagen fibres they do not merely produce a 
Donnan equilibrium, but have two other effects, rwr. (a) to cause the 
loaded fibres to lengthen slightly and to develop a slightly greater extensi- 
bility (see Fig. 6), and {b) to increiise the width over and above that due 
to osmotic swelling (see Fig. 7). They also weaken the reticular tissue 
at />j| values of \*2 or less, leading to additional swelling (Jordan Lloyd 
and Kaye and Jordan Lloyd, Pleass and Marriott, also Fig. 7). If the 
elasticity of the fibres is to be interpreted on .\stbury’s theory that the 

• 1932, 51, I4T. * Prot\ Poy. Soc., A, 1934, I47, 382. 

? KoiL Z., 1926, 40, 264. ? Btocficm. J., 1927, 23, 358. 
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molecules are to some extent coiled but can be pulled out under load, the 
action of acids is consistent with the theory that they form salts with the 
collagen molecules, which ionise to form a diffusible and non-diffusible 
ion and that, in doing so, they break the salt linkages previously acting 
as lateral bonds between carboxyl groups of one collagen molecule and 
an amino group of an adjacent one. 

Acids, however, have an additional action strictly similar to that of 
salts, which may be attributed to a “ Hofmeister effect ** ; this shows 
itself microscopically as a splitting of the fibre into fine fibrils and, as 
regards dimensions, as a gain in width without alteration in length. 
The water absorbed under the “ Hofmeister effect ” of acids and salts 
is undoubtedly to be regarded as “ bound ” water. Acetic acid is strongly 
differentiated from the strong acids in this respect (Fig. 5). As regards 
osmotic action, it conforms to the same standards but, as regards 
splitting and gain in width, it is in a class by itself. 

Probably the well-recognised fact that all acids have an individual 
as well as general action on fibres, is due to their “ Hofmeister effect 
as distinguished from their “ Donnan effect.” 

The action of acids as regards both osmotic swelling (Donnan effect) 
and as regards lyophylic swelling (Hofmeister effect) is without any 
permanent effect on the elastic properties of the fibre. 

The action of alkalies, like that of acids, can be divided into a ” Donnan 
effect ” and a ” Hofmeister effect.” 

The ” Donnan effect ” or plumping shows very definitely in the case 
of the monacid bases, sodium hydroxide and potassium hydroxide. 
With both of these there is diminution in length with gain in width. 
In the case of calcium hydroxide the ” Donnan effect ” is not always 
evident, some fibres showing a slight shortening and others apparently, 
.showing none. There is a latent period from 5 (the iso electric point 
of collagen) to ir2 over which there is no ” Donnan effect ” showing 
itself as a shortening of the fibre. A splitting or ” Hofmeister effect ” 
showing itself as a gain in width starts about p^ 9. This splitting action 
of the fibre into its constituent fibrils is evident on microscopical ex- 
amination and is a very conspicuous feature of the action of lime water. 
As regards the action of alkalies on the reticular sheaths, evidence is 
somewhat lacking. Kaye has reported that they are not affected by 
lime but are weakened by sodium sulphide. The absence of any well- 
defined peak of alkaline swelling for collagen fibres suggests that the 
reticular tissue is weakened in sodium hydroxide solutions of Njio 
strengtli or thereabouts. 

.Alkalies of moderate concentration seem to be without effect on the 
elastic pro[)erties of fibres and there is no tendency for the loaded fibres 
to gain in length in alkaline solutioms or to become more extensible. 

Tile action of salts on fibre sw'elling appears to be purely a 
” Hofmeister effect.” There is much microscopical evidence that salts 
cause splitting of the fibres into their constituent fibrils with a gain in 
width. Nitrates show this very clearly. Salts do not cause any notice- 
able change in fibre length l)ut there appears to be a slight elongation 
in some cases. Salts (2;V/ NaNOg, Fig. 2) have no effect on the clastic 
proy^erties of the fibres. 

y, Intrfnat, Soc. Leather Trades* Chemists, 30 , 
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Summary. 

1. Colleen fibres have, over a wide range of conditions, elastic pro- 
perties which appear to be those of the fundamental molecular structure 
of the fibrils. Wet fibres have about twice the extensibility of dry fibres, 
namely about 7 per cent, extension at the elastic limit. 

2. Collagen fibres can absorb water and swell under two independent 
sets of forces, those due to (i) the formation ot a Donnan equilibrium which 
is controlled by the pH of the system and (2) a Hofmeister effect of dissolved 
acids, bases or salts, in which each chemical reagent produces its own 
characteristic effect. 

3. It is suggested that the Donnan or pn effect is osmotic and leads to 
an increase of free water in the system w^hile the Hofmeister effect leads 
to an increase of l)ound water. 

4. The water absorbed under the action of acids or alkalies (Donnan 
effect) leads to a shortening of the fibre but can readily be removed by 
loading the fibre. The shortening is accompanied by increase of width 
which is reverst‘d on loading the fibre. 

The water absorbed under the action of salts or very dilute acids 
or alkalies leads to an increase of width without shortening (Hofmeister 
effect). This increase is not reversed on loading the fibre. Acids and 
alkalies at concentrations which cause shortening also show this non- 
re versible gain of width. 

6. *rhe order of the forces required to remove the osmotic water from 
acid swollen fibres is less than that required to remove the loosely bound 
water from iso-electric water-swollen gelatin. 

7. Strong swelling in acid solutions (pH < i) leads to a tearing of the 
reticular .sheaths round the fibres with a consequent further absorption of 
water, but apparently with no change in the elastic properties. 


THE ROENTGENOGRAPHIC STUDY OF ZINC AND 
CADMIUM FILMS DEPOSITED IN THE PRES- 
ENCE OF COLLOIDS. 

(A PRELIMIXAKY COMMUNICATION). 

By L. B.^latnik. 

Received 20th January^ ^936. 

A'i is well known, colloids are introduced into the electrolytic bath 
for the purpose of obtaining bright, finely-grained depositions. We 
studied by X-rays Zn films deposited in the jiresencc of dextrine, and 
Cd films deposited in the presence of dextrine, sulphonated castor oil 
and cereal extracts. The conditions of deposition are given in Table I. 

It follows from the work of Glocker and Kaupp,^ and other workers, 
that during the electrolytic deposition of t'u, Ag, Cr, Ni and Fe in batlis 
of corresponding compositions (in the absence of colloids) there are formed 
textures, tlie degree of perfection and axis of which depend on the con- 
ditions of the deposition (current density, electrolyte composition, etc.). 

Bozorth’s researches * have shown that no texture is observed for 


* Glocker a. Kaupp, Z, Physih, 1924, J4, I2i. 

* Bozorth, Physical Rev,, 1923. 26, 390. 
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Zn and Cd. It is seen, however, from the X*ray diagrams (Figs. 1*2) 
that during the electrolytic' deposition of these metals (Zn and Cd) 
in the presence of above-mentioned colloids, a texture can be observed, 
although an imperfect one, particularly for Zn. (See diagrams facing p. 869.) 

For Zn, the (221) planes tend to he parallel to the surface. We 
discovered also that the degree of the orientation of crystals depends on 
the concentration of colloids in the electrolyte (Figs. 3, 4, 6), as well 
as on the current density (Figs. 4, 5). We propose to make use of this 
fact as a method for determining the “effective concentration” of a 
colloid in the bath. The relative intensity of the Debye-gram lines for 
Zn and Cd films undergoes a sharp change depending on the concentra- 
tion of the freshly-prepared colloid (Figs. 3, 4, 6, 8, 9, and lO). 

TABLE I. 


Composition of Electrolyte. 


Cament Density 


I 

Time of Exposure 


Cathode. 


1. Deposition of Zinc. 


2nS04 

AlCl, 

A1,(S04)4 


H,S04 

H ,0 


Dextrine : 
10 gm 



. 240 gni 


1 

• 

. 15 


1 

• 

. 30 M 

2 and 5 

1 10, 20 and 

* 

0*5 r* 

I litre 

amp /dt m ^ 

j 40 minutes 

i. i. I. L 

4, 6, 8 and 

1 

1 

1 

1 

1 


Fe 


2 . Deposition of Cadmium. 


CdO 

KCN . 

H ,0 

The colloids 
Cereals extracts 
Sulf castor oil 
Dextnne 


. . 16 gm. 

. 200 ,, 

. . I litre 



0 * 75 . I 

5 

0 

0-25. 0-5, I gm 
o-r.o*2,o*5, I „ 

amp /dem * 

1 

minutes 

. 0-5, I „ 




Cu and Fc 


As ha.s already been observed during the operation of a bath, there 
occurs in the course of time a gradual “ disappearance '' of the colloid. 
For this reason it seems to be advisable under factory' conditions to 
verify the “ effective concentration *’ of a colloid. The author has 
obtained a series of X-ray diagrams for Zn and Cd deposited from various 
concentrations of freshly-prepared colloids (but under the same other 
conditions of nirrent density, time of electrodeposition, composition of 
electrolyte, material and treatment of the cathode, etc.), which serve 
as standards for every control determination of the ‘‘effective con- 
centration '' of the colloid in the given electrolyte. Thus, the analysis 
can be ac( omplished within from 3 to 5 hours. 

The Debye-grams were taken with a plane sample, at an angle of 
47® to the original beam (a different angle may be used so long as the 
same angle is always maintained for the determinations) of the Fe or 
Cr radiation (the anti-cathode may also vary). 

We also noticed an increase in the brightness of films, with the degree 
of orientation of crystallites This very phenomenon has recently been 
observed by W^ood * for Cr and Ni elec trodeposi ted in corresponding baths 
(not containing colloids). 

* Wood, Tfans. hataday Soc,, 1935, 31, 1248. 
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Thus we can now take it for certain that, in the case of Cd and Zn, 
colloids bring about the formation of a texture, f.e., they promote the 
growth of crystals in a single crystallographic direction, eis., perpendicular 
to the surface of the cathode (see also *). 

Electro- Mechanical Works, 

Kharkov, U.SS.R. 

* Froelich, Clark, Aborn. Trans. Ekctrochem. Soc., 1926, 49, 369. 


THE COLOUR AND OPACITY OF EMULSIONS. 

By James Frederick Morse. 

Received ^oth March, 1936. 

The mixing of an aqueous liquid with an oily liquid usually results in 
a creamy emulsion, due to the differing refractive indices and optical 
dispersive powers of the two phases. When the two liquids have the 
same value for refractive index and optical dispersive power a trans- 
parent emulsion is obtained. Holmes and Cameron ^ have shown that 
if emulsions be made of two liquids of equal refractive indices (ensuring 
transparency) but widely different optical dispersive powers, the system 
is comparable to a multitude of lenses or prisms with consequent pris- 
matic colour effects. The optical properties of these chromatic emulsions 
have been described by Sogani.® 

Some experiments ^ have been carried out on dilute castor oil emul- 
sions with polarised light, and Teorell * using dilute ultramicroscopic 
emulsions of mastic investigated their optical properties together with 
those of sols of gelatin and ferric hydroxide. 

Bechhold and Hebler ® in their nephelometric investigation of graded 
suspensions of barium sulphate found that the light scattered increased 
as the particle size decreased from 2-5 ft to 800 fift, but thereafter decreased. 

No work appears to have been reported concerning the opacity of 
emulsions as influenced by the concentration and degree of dispersion 
of the internal phase and the subsequent effect on the final colour of 
the emulsion should one of the phases be coloured, ^ 

Several systems of colour measurement are in vogue for dealing with 
transparent and opaque material. Semi-opaque and translucent systems 
present difficulties, since the former are insufficiently opaque to be gauged 
by reflected light and the latter scatter too much light to permit measure- 
ment by the transmission method. Visual and photo-electric methods 
of colour recording are available. Of the former that of Lovibond is 
the best known, but for more scientific data a form of spectrophotometer 
is usually employed. 

^ /. Am. Ckem. Soc., 1922, 44, 71. 

* Phil. Mag., 1926. I, 321 ; Ptoc. Ind. Assocn. Cult. Set., 19^0-21, 6, 134. 

* D. S. Subbatamaiya, Pw. htd. Ac4. Set., i935» 709 ; S. Kr&hnan, 

ibid., 1935. 717. 

* Kcthid . Z ., 1930. S3, 322 ; 193*. 54 f 5® ; 1931. 54 # 25®* 

1922. 31, 70. 
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The apparatus of Toussaint ® was the pioneer of commercial photo- 
electric colorimeters. Designed primarily for the textile trade the colour 
of opaque and transparent material may be measured. Bolton and 
Williams ’ utilising this method for oils introduced an aqueous copper 
sulphate filter with the object of removing infra-red rays to which photo- 
electric cells, in general, are very sensitive. 

The principle underlying these methods is to direct a beam of light 
of known wave-length on (in the case of opaque material), or through 
(in the case of transparent liquids) the sample to be examined. The 
reflection or transmission is then recorded by a galvanometer connected 
to the photo-electric cell on which the light falls after leaving the sample. 
Immediately after or before the above reading is taken, the light is di- 
rected upon a 
standard and from 
this reading the 
percentage reflec- 
tion, or transmis- 
sion of the sample 
is calculated. In 
the case of opaque 
material the stan- 
dard may be a 
block of pure cal- 
cium sulphate or 
magnesium car- 
bonate, while 
water or colour- 
less oil, as occa- 
sion demands, 
serves as a stan- 
dard for trans- 
parent liquids. Six readings are usually taken, using filters approximately 
to traverse the visual spectrum. 

The following Wratten filters were employed in the apparatus to be 
described : — 

49 (C4h 75^ 62, 73, 72, 70. 

A spectrographic examination of the filters revealed that the predominant 
wave-lengths transmitted were : — 

4200A, 4600A, 5000A, 5400A, 5700A, 6400A respectively. 

The apparatus constructed in these laboratories is shown diagram* 
matically in Fig, i, arranged for colour measurement of transparent 
liquids (A), and as employed for opaque samples (B). 

The light from the projection lamp A passes through the iris diaphragm 
B and the copper sulphate filter C contained in a Soyka flask. The light 
is then directed by the condenser D through the filters E to the standard 
and samples F which the slide G allows to be rapidly brought into the 
beam of light. The condenser H collects the light when it is directed 
upon the Weston photronic photo-electric cell 1 . The current so generated 
is measured directly to 0*05 nucro-ampere and by estimation to o*oi micro- 
ampere by a Cambridge Metre. Liquids are contained in i-inch Lovibond 

® See L. Blin Besbleds *' Exact Colour Matching and Specifying ** (Paris), 

’ Analyst, 1935, 60, 447. 


i H f E D C B A 





J. F. MORSE 


943 


cells and opaque material in ebonite cells i cm. deep. The condenser H 
is not necessary for measurements with transmitted light but its inclusion 
enables the instrument to be used immediately for opaque or transparent 
samples. 

From the read- iOO 

ings obtained the > 

percentage (based 
on the standard 
loo i^r cent.) trans- ^ 

mission or reflection / 

is calculated for / 

the predominating / / 

wave-length of light ^ A / 

transmitted by each / ^ 

of the six filters. / / 

Fig. 2 records the / / 

colour curves of / / 

O'l per cent. Oil / / 

Orange and o-i per / 

cent. Sudan III. in / 

liquid paraffin, a I 

i - inch Ia)viboncl 

cell being used and / 

liquid paraffin as c ; / 

standard. An ^ <5 / / 

average of the six ^ j 

pt^rcentage trans- ^ ; / 

missions gives the S / / 

mean tone'* which 5 j j 

may be regarded as g / 

a measure of bright- g / / 

ness irrespective of 5 j f 

the actual hue. If ■ j 

such a coloured oil / 

formed the dis- i j 

parsed phase of an / 

emulsion the colour / / 

of the emulsion ; / 

would depend upon / / 

the concentration / 

of the oil and the / / 

degree of disjwr- j 

sion ; the colouring ^ 

matter determines I ... - 

the hue and the ^ 4600 5000 5400 syooA 

sKeterainerthe ^ OUorar,^ in Liquid Para fin. 

tone. " m Liquid Paraffin. 

Fig. 3 shows the / CdL 

effect of dispersion Fig. 2. 

on the tone of a 


coloured emulsion. It will be seen that the tone has increased with the 
degree "bf dispersion and consequently the opacity. To compare actual 
increases in the brightness of colours it is convenient to c^culate the 
mean tone (as a percentage of the white standard) and plot this against 
the average globule size. Fig. 4 shows the relation. 

It is obvious that irrespective of (a) the particular colour employed, 
(b) in which phase it is present, and (c) the type of emulsion, (0/W, WfO)^ 
the final colour efiect wMl depend on the opacity of the emulsion. This iiif 
turn will depend on the refractive indices and optical dispersive powers 
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Olobu/c 


the two phases and on the concentration and globule size of the internal 
phase. 

With the refractive indices and optical dispersive powers maintained 

constant, the 
effect of the con- 
centration and 
the globule size 
of the dispersed 
phase was now 
examined. Emul- 
sions of liquid 
paraffin were em- 
ployed as a 
colourless oil is 
necessary. The 
emulsions were 
prepared by mix- 
ing predeter- 
mined propor- 
ticns of fairly low 
viscosity paraffin 
C' slab oil ") with 
an aqueous gum 
solution contain- 
ing I *5 grants gum 
tragacanth and 
8*5 grams gum 
acacia per loo c.c. 
Varying degrees 
of dispersion were 
obtained as fol- 
lows : — 

(1 ) Handshak- 
ing : 40 c.c. emul- 
sion were shaken 
50 times in a 120 
c.c. bottle. After 
determining the 
globule size 
and opacity the 
same emulsion 

— 

(2) Shaken 50 
times in the same 
bottle, but with 
the addition of 25 
glass beads, 7*5 
mm. diameter. 
After examina- 
tion the s ame 
emulsion was 
passed through — 

(3) “Empire" 
cream machine 
whereby the 
emulsion is forced 
through a fine 
orifice partially 
blocked by a 
wire. To obtain 
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a range of dispersions the emulsion was treated up to xo times in this 
machine. 

(4) The excellently constructed *' Impulsor laboratory homogeniser 
permitted emulsions of high dispersion. Photomicrographs employing a 
modified Hvidberg • technique — showed remarkably uniform and highly 
dispersed emulsions obtained with this machine in which 20 c.c. of mixture 
were sufficient. 


The globule size was determined by means of an eyepiece micrometer, 
standardised against a i/roo mm. ruling, and direct examination with a 
Leitz No. 3 objec- 


tive for the coarser 
emulsions and a 
No. 7 objective for 
the homogenised 
emulsions. 

Emulsions were 
prepared of 5, 10, 
15, 20 and 50 per 
cent, concentra- 
tions of liquid 
paraffin in gum 
solution, varying 
dispersions being 
obtained by the 
methods described 
above. After re- 
cording the globule 
size the opacity, 
as inea.surcd by the 
reflection {calcu- 
lated to a percent- 
age of the white 
standard - calcium 
sulphate), of the 
emulsion was de- 
termined in a I 
cm, deep black cell. 
Fig. 5 gives the 
“ colour ” curves of 
10 per cent, emul- 
sions of vau*ying 
grain sizes. The 
average of the six 
values gives the 
mean tone and in 
Fig. 6, these mean 
tones are plotted 
as percentage 
opacities ’ * against 
globule size for a 



range of oil concen- Fig. 5. 

trations. During 

the recording of a large number of these opacities.** it was found that the 
** mean tone *' closely corresponded to the percentage reflection using the 
yellow filter, wave-length 5400 A, and in subsequent work this figure was 
taken as the opacity. 

It will be seen from Fig. 6 that a layer of emulsion 1 cm. deep will appear 
equally opaque and white irrespective of the fact that the dispersed phase 


• KoUoid. Z„ I 935 » 7»* ^74* 
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may be 5 per cent, or 50 per cent., provided that the globule size is in the 
neighbourhood of i fi. 

Main tainin g a uniform globule size the effect of concentration was 
investigated. Emulsions of 25 per cent, liquid paraffin were prepared. 

In order to ob- 
tain emulsions of 
uniform globule 
size it was found 
necessary to dis- 
perse very gradu- 
ally, only decreas- 
ing the globules 
5-10 /i at a time 
after a coarse 
emulsion had 
been obtained by 
shaking. To ob- 
tain a really uni- 
form emulsion 
with globules in 
the neighbour- 
hood of 1 it 
was found neces- 
sary to have at 
least ten inter- 

o £0 40 60 SO fOO ISO mediate stages 

Fig. 6. between the pre- 

liminary shaking 

and the final homogenisation. When a 25 per cent, emulsion of suffi- 
ciently uniform globule size had been obtained, it was diluted to give 



5 10 iS SO Z5 

Fig. 7. 


a series of concentrations, the opacity of each one being recorded. Fig. 7 
shows such a series at various globule sizes. Some discrepancy in opacity 
at the larger globule sizes is evident between this series and those in 
Fig. 6, no doubt due to the less uniform emulsions of the latter. At dilute 
concentrations the effect of globule size is most marked and any irregu- 
larities have a pronounced effect. 
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Figs. 6 and 7 give a guide to the relative opacities to be expected with 
emulsions in which the phases have optical properties corresponding to 
those of liquid paraffin and aqueous gum solution* If a colour^ solute bel 
present in one of the phases of the emulsion, the.resul^^ the> 

emulsion is a function id the opacity. 

Summary* 

(1) An investigation has been made relating to the opacity of emulsions 
as influenced by the factors of concentration and grain-size of the internal 
phase, 

(2) A photo-electric photo-colorimeter and six spectrum filters were 
employed to determine (a) the effect of grain-size on the tone of a coloured 
emulsion, (b) the opacity of emulsions of varying grain-size and volume- 
ratio. 

(3) Emulsions of very fine grain, about ifi diameter, contained in a 
i cm, deep cell, exhibit equal opacities when the concentration ranges 
from 5 per cent, and.upwards. Added oil-soluble or water-soluble colouring 
matter does not affect this result. 

Grateful acknowledgment is made to Dr. William Clayton for his 
deep interest throughout this investigation, and to Colonel E. A. Rose 
of the Improved Emulsification Process Company Limited for the loan 
of the “ Impulsor ** laboratory homogeniser without which the production 
of small quantities of the fine grain emulsions would not have been 
possible. 

Research Department^ 

Messrs, Crosse & Blackwell^ Limited, 

London, S.E. i. 


IONIC EXCHANGE AND SORPTION OF GASES 
BY CHABASITE. 

Bv E. Rabinowitch and W. C. Wood. 

Received 20th February, 1936. 

Chabasite cr>"stals have a skeleton lattice formed by the ions Si*^, 
Al®^ and The hollows are occupied by positive ions, chiefly Ca*^, 

and by neutral molecules, usually HgO. Calcium can be exchanged 
for other divalent or monovalent ions, water for other molecules of 
appropriate size. 

In a previous paper ^ several dehydrated chabasite samples from 
different localities, were found to possess about the same power of 
sorption ; one, however — that from Richmond (Victoria) — sorbed 
three or four times less gas than all the others, Data available in 
Bolter’s Handbtich der Mineralogie indicate that this chabasite is abun- 
dant in alkali ions, and we thought that this might be the reason of its 
low sorptive power. We therefore investigated the sorption by a 
number of chabasites in which calcium w^as exchanged for a scries of 
different ions, 

» E. Rabinowitch. Z, physik, Chemie, 1932 (B). 16, 43, further quoted as 
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Experimental. 

1. Preparation of the Samples. — The purest crystals of chabasite 
from Riibesdorfel (Czechoslovakia) were washed in CCI 4 and ground. 
Portions of 3 gm. were mixed with 30 c.c. of 10 per cent, chloride solu- 
tions, and kept at about 100 ® C. for 200 hours, during which the solutions 
were replaced three times. The samples were then left exposed to the 
air for several days to allow them to acquire their " natural water 
content, and analysed. 

2. Analyses of the Samples. — We investigated samples treated 
with NaCl, KCl, MgClj, CdCl,, CaCl,, SrCl|, BaCl, and LaCl,. Approx- 
imately 0*5 g. were dissolved in 400 c.c. of cone. HCl for the separation 
of SiOf. The treatment of the deposits with HfSO* and HF (for the 
separation of SiO, from traces of barium, calcium, etc.), was omitted ; 
the SiO, values given in the following tables may therefore be a little too 
high. 

A complete ionic exchange took place with NaCl, KCl and BaCl„ and 
a partial one with SrCl, and CdCl,. The MgCl, sample contained only 
2-3 per cent. MgO ; that treated with LaCl, w'as practically identical 

TABLE I. — Composition of Different Substituted Chabasites. 



Original 

Mineral. 

Chabasite treated with the Chloride of 

Sr. 

Ba. 

Cd. 

j N.. 

! 

SiO, 

ATS 

45*6 

4295 

467 

48-95 

i 48-^5 

Al,p, . . 


19*2 

I 0*9 

i8-6 

19*2 

18-5 

CaO 


7*25 

1*6 

5*55 i 

0*95 

I 0*25 

SrO 


7*15 

— 

— 

— 1 


BaO 



> 8-55 

— 

— 

1 

CdO 


— 


8*35 

— 

i — 

Na,0 

I’l 

0*5 

0*6 

0*8 

9*35 

1 1*0 

K,0 

155 

0*9 

0*75 

075 

J '25 

1 13*8 

H,0 

21*7 

19*7 

i 3*9 

197 

20-55 

. 7-8 


100*2 

100*3 

100*25 

100*45 

100*25 ! 

1 



TABLE II. — EqurvALBNT Composition of the Chabasites. 



Origina) 

Mineral. 

Chabasite treated with tbe Chloride of 

Sr. 

Ba. 

Cd. 

Na. 

K. 

SiO, 

4*2 

405 

4*3 

4*25 

4*35 

4*4 


1 

1 

I 

1 

1 

X 

CaO 

0-85 

0*65 

015 

0*5 

0*1 

0 

SrO. 


0*35 

--r— 

— 



BaO 




0*75 

■ 



CdO 

— 

— . 


0*35 



Na,0 

0*1 

0*05 

0*05 

0*10 

0*8 

0*1 

KjO 

0*1 

1 

0*05 

0*05 

0-05 

0*1 

0*8 

Total valency of the 

1 i.i 1 1 . 



i 



cations 

8*1 

8*2 

7.9 

8*0 

8*0 

7*8 

H,0 . . . 

6*4 

5-8 

6-3 

5*9 

605 

5*4 
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with the original material (a spectroscopic test revealed the presence of 

about I per cent, of lanthanum). The 

sample treated with CaOa was also — n. 

unchanged ; the small quantities of [A ] 

Na,0 and K,0 present in the original V J 

mineral were not exchanged for CaO. | \ 

These three preparations were discarded t a 9^ 
for the sorption experiments. The com- 

position of the other five, together with * ^ 1 ' 

that of the original materiad (which is ^1 |-| Gm-suppty 

a typical Ca chabasitc), is given in ^1 | 

Tables I. and XI. Table II. shows | 

that the molecular composition of the As^h^das. ^ 

samples can be represented by the UwtaiiN^ 
formula : — f 

Al, X (SiO,)4 -bH A 

X standing for one mol. of bivalent or - 

two mols, of monovalent ions. The ^ g 

ionic exchange takes place in a strictly 
stoichiometric way. 

The water content of all the substi- 
tuted chabasites is about the same, 

that of the potassium chabasite being, j 

however, somewhat lower.* 


To the Pump 




3. Sorption Experiments. — For each experiment i g. chabasite 
powder was placed in the hard glass tube F (Fig. i), covered with asbestos 



wool to prevent 
sputtering and 
then heated to 
500® for 2 hours, 
under constant 
pumping by a 
mercury pump. 
Traps D and E 
were immersed in 
liquid air (in 
experiments wnth 
CO, and C,H, in 
solid carbon di- 
oxide) to protect 
the chabasite 
from mercur\* and 
grease vapours. 
Gases vrere intro- 
duced in small 
portions from the 
container A. into 
the tube F, the 
quantity intro- 
duced being de- 
termined by the 


0 


/OO 100 5O0mmH^400 htss 

Fig. 2. — Sorption at — 190® C. 

A Sr-Chabasite. D Na-Chabasite. 

B Cu- E K- 

C Ba- .. F Cd- 


drop of pressure 
in A (manometer 
B). the resulting 
pressure in F by 
the manometer C. 
The quantity of 


* £. Gruner {2. anorgam. Ckomio (2933)* > 11 , 385) assumes 7 H ,0 in the calcium 
chi^iastte and sH^O in the alkaline chabasites. 
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Sorption of: 

R 

(c.c./gm.). 

RuidW 
(c.c /gm.). 

(i) N, (at -r 190° C.. p = 400 mm.) . 

170 j 

163 

(2) H, (same conditions) . 

1 130 

130 

(3) CO3, {p = 100 mm., / — -f- 20® C.) 

1 

i i 

II5 


gas sorbed was calculated by subtracting from the total quantity ad- 
mitted into F the small quantity filling the tubing FD. The same 
sample was used for experiments with all gases, as it was shown that 
repeated heating had no effect on its sorbing capacity. 

Experimental Results. 

A set of successive pressure measurements with increasing gas quan- 
tities served to determine a sorption isothermal. In accordance with 

previous experi- 
ence, the isother- 
mals obtained with 
H| and Ns were 
well reproducible ; 
it was, however, 
dif&cult to repro- 
duce measurements 
with CO, to more 
than lo per cent* 

and in the case of C,H, deviations of 50 per cent, were quite possible. 
This is due to the great velocity with which the equilibrium is reached in 
the case of H, and N,, the pressure becoming constant a few seconds after 
the introduction 
of the gas. With 
CO, one has to 
wait for an hour 
or more (at the 
higher pressures), 
and a day or more 
is necessary with 
C,H,. The results 
obtained with 
C^H, (Fig. 5), are 
therefore not very 
reliable. The 
sorption values 
obtained with the 
natural calcium 
chabasite were 
practically identi- 
cal with those 
found in Paper I. 

The changes 
in the sorption 
power caused by 
ionic exchange are 
reversible. By 
treating a sample 
of i^tassium cha- 
basite with a solu- 
tion of CaCl,, we 
recovered a cal- 
cium chabasite 
which sorption 
isothermals were 
practically identi- 
cal vdth those of the original mineral. The results of the sorption 
measurements are given in Figs. 2, 3, 4 and 5.* 

. numerical data underlying Figs. 2-5 can be found in the dissertation 

by W. C. Wood, University of Gdttingen, 1934. 



Fig. 3. — N, Sorption. 


A Sr-Chabasite 1 


B Ca-Chabasite 

An 

C Ba- „ i 

^ ^ ^ JO 1 

D Na- 

► — 190 C. Qf J 

E K- ;; 

F'J 

F Cd- 



So'^C. 
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The conclusions which can be drawn from these isothermals are as 
follows : — 

{a) The three alkaline earth chabasites have practically identical 
sorption properties 
(the differences ob- 
served in experi- 
ments with CaHj 
are not certain 
enough for discus- 
sion). 

(6) Cadmium 
chahasite isother- 
mals run some- 
what below those 
of the alkaline 
earth products, in- 
dicating a lower 
sorption energy. 

It is, however, 
probable that the 
saturation values 
are the same. The 
unchanged water 
content supports 
this assumption. 

(c) Sodium cha- 
hasite is character- 
ised by a very 
small sorption ca- 
pacity for nitrogen. 

Hy. CO 3 and H ,0 are, however, strongly sorbed. The corres^nding 
isotherraals rise at first slower than those of the other chabasites, indicat- 
ing a smaller initial sorption energy, but attain ultimately even somewhat 

higher values. The 
water content is, 
however, the same, 
indicating that the 
saturation values 
(and thus the sorp- 
tion space), may 
be unchanged in 
this chabasite too. 

(d) Potassium 
chabasite sorbs as 
little nitrogen as 
the sodium pro- 
duct, and practi- 
cally no hydrogen 
ataJl(at — i9o®C.). 
H, 0 , and CO# are 
still strongly 
sorbed, although 
also to a somewhat 
smaller degree 
than by all other 
chabasites. C,H* is only ver>^ weakly sorbed both by the ^ium and 
by the potassium chabasite. 



foo £00 300 mm 400 Press 


Fig. 5. — Sorption at 20® C. 

A Sr-Chabasite. D Na-Chabasitc. 

B Ca- .. E K- 

C Ba- „ F Cd- 
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Discussion. 

In general, the above results are in agreement with our assumption. 
The replacement of divalent by monovalent ions actually decreases the 
sorptive capacity of the crystals. The influence of the larger is 
more pronounced than that of the smaller Na*^ ions. 

It is, however, difficult to interpret satisfactorily the details of the 
experimental results. The unchanged capacity for sorbing water and 
carbon dioxide indicates that space for sorption is not, or not essenti- 
ally, decreased by the introduction of alkaline ions. The slightly smaller 
HgO and COg content of K-chabasite may be due to the space occupied 
by the K'^’-ions becoming unavailable for sorption. (The number of 
additional monovalent ions — about 0*8 mols. according to Table II. 
— is nearly equivalent to the decrease in the number of water molecules). 
This effect is, however, absent in the Na chabasite ; and in the case of 

K”*" it may also 
be due to an in- 
complete satura- 
tion, i.e, to a 
smaller sorption 
energ\\ In any 
case, the small 
difference in the 
space available for 
ijorption cannot 
account for the 
strong differences 
observed in sorp- 
tion experiments 
with Hg and No. 
They must be 
due to energetical 
condition.s. The 
results obtained 
witli the potass- 
ium chabasite arc 
consistent with an 

assumption that the sorption energy both for hydrogen and nitrogen is 
decreased in the relation of about 5 : i (as compared with calcium 
chabasite). The sorption energies for carbon dioxide and water arc 
also decreased, but to a much smaller degree. 

The most difficult to understand are the results with sodium chabasite, 
in which the initial sorption energy for hydrogen appears to be reduced 
only by a factor 07, whereas the sorption energy for Ng is diminished 
roughly in a relation 3 ' Sodium chabasite can be described either 
as possessing an abnormally high sorptive capacity for hydrogen, or 
an especially low sorptive capacity for nitrogen (Fig. 6). 

We may recall that the natural chabasite from Richmond (Victoria) 
which led to this investigation, had a sorptive capacity uniformly re- 
duced (in the relation 3 : i) for all the three gases Hg, Ng and COg, 
This result illustrates the variety of the sorption effects occurring in 
alkali substituted chabasites. 



Fic. 6. — Sorption by sodium-chabasite at — 190'^' C. 
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Sorption Formulae. 

The experimental results described above are not sufficiently complete 
to be used for quantitative representation by sorption formulse as was 
done with the sorption isothermals of the natural chabasite in Paper 1 . 
.We can here, however, improve the theoretical treatment given in that 
paper. Two possible states of the molecules sorbed by chabasite were 
mentioned there : [a) that of a “ gaseous ” sorbate, with molecules 
freely moving about in the cavities of the crystal, and (A) that of a “ solid ” 
sorbate, with molecules fixed to definite crystallographical positions. 
The first picture docs not exclude the existence of periodical variations 
in the potential, or of more or less high “potential barriers “ in certain 
lattice positions, thus accounting for the slowness of diffusion of the 
sorbate. The second picture must account for the existence of dif- 
liKsion by assuming accidental interchanges of molecules between ad- 
joining sorption centres. In this way, the two extreme hypotheses 
converge towards an intermediary’ picture of a “ partially ^^d ’* 
sorbate, which is probably nearest to the truth. 

file actual state of a given sorbate, however, may be nearer to the 
one ot the two pictures. It is therefore useful to have sorption formuiai 
tor both limiting cases. 

(a) Gaseous Sorbate. — ^The formulae for the distribution of mole- 
< ult^ bet\\een a gas phase and a zeolite vas given in Paper I. as follows : 

'X? (C. - 

A r ' ... 


( 1 ) 


A’u 1- the number of molecules of the sorbate in the ‘^olid pnasc, 
tliat in tlie gas phase, \\ tlic “sorption volume ** ot the crystal, b the 
\ohime required by a >ingle molecule, Vg the volume of the gas phase, 
<f> tile sorption energy (per mol,). Supposing b to be independent of 
the degree ot saturation, we may assume ^ friVmax.^ where iVmax. 
is the maximum number of molecules which can find place in the 
crystal Hent e 




(A\ 


N„)b 


V 




(!') 


For coii'-tant coiu'cntration of th<* sorbate 


A'. 


A'. 


— CO)lSt 


) 


tin following vapour pressure fonnula (3) is derived from (i) 

log, ^ 'C + log ;Vnajf -- A’„ “ (2) 


where riie number of molecules in c.c. of the gas at / = o® C. and 

p ^ I atm.'* 

(b) Solid Sorbate. — The statement m Paper I. that “ formula (i) 
holds also for the c isc of a fixed number of sorbing centres, b meaning 
in this case the volume of each centre and Vg that of all of them to- 
gether “ requires correction. The distribution of molecules between 

* M. H. Hey, (Miner cUogical Maf^atine^ 1935. ^4, 99 ) derived, by kinetic 
c^^^sldc^ations, a vapour pressure formula very similar to ( 2 ) (but with slightly 
different meamns of some constants). Some constants in lus formulae are, how- 
ever, related to the special mechanism of evaporation and condensation which he 
uses for derivation — a result not in accordance with thermodynamics, which re- 
quires that a formula describing an cquilibnum shall contain nothing about the 

mechanism by which this equilibnum is reached. 
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gas phase and a fixed number of sorption centres depends on the number 
of unoccupied centres only, and the notion of the “ volume of a sorption 
centre ** is an unnecessary complication. Moreover, law (i) does not 
apply unchanged to a distribution of this kind. In passing from the 
gaseous state into that of a solid sorbate, the molecules lose not only 
their potential energy of sorption <f> but also their kinetic energ\\ The 
distribution law is therefore more complicated. The probability of 
finding a molecule in the gas phase (volume Vg^ temperature T) is, 
according to quantum statistics : 

Pens = I 
£-0 

The probability of finding the molecule in the solid sorbate is : 

Aolid - {Nn^x. - 

and the distribution law is therefore 


Na _ Nmux, - Na 

N V 




{27TMRryi 




iS) 


a formula which differs essentially from (i) by the occurrence of the 
factor T\ and by the molecular weight M replacing the molecular volume 
b in the rdle of a characteristic constant of the sorbate. 

The vapour pressure formula derived from (3) is : 


<h c 


Na 






+ log, 


{2nRMp 


(4; 


Equation (4) differs from the ordinary quantum theoretical vapour 
pressure formula of a homogeneous ideal solid body by the occurrence 
of the characteristic " saturation term ” 


log 




iV„ 


N.: 


(c) Vibrating Sorbate Molecules.— Since the sorption energies 
are not greater than 30,000 Cals, per mol., the quanta corresponding to 
the vibrations of the molecules around their equilibrium positions must 
be of the order of 1000 Cals. (300 cm.~^) or smaller and these vibrations 
arc by no means “ frozen ’’ at temperatures above 100 °.^,. (which were 
used in most sorption experiments). The law of distribution of mole- 
cules between gas and sorbate is in this case : 


N 

A 


a 

u 


(A^ax. - A',) 
Vn 


I 


g-SJBT 


{2vMRr/ 


^iHT 


• (5) 


and the corresponding vapour pressure formula : 


<L 5 


N. 




-iog.2r'^"’ + iog. 


{2 vRM)^ 

~¥n 7~ 


{ 6 } 


In these formulae, E, is the vibrational energy (per mol.) corresponding 
to the state with the vibrational quantum number v. 
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(d) Isothermals. — From all the three formulae (2), (4) and (6), 
we obtain the following isothermal equations : 


iV« 








apN„ 


r + ap 


{a == const) 


0 ^) 


A law of this form must hold for the sorption isothermals indepen- 
dently of the “ gaseous,” “solid” or “semi-solid” state of the sorbate, 
provided only that ^ is a constant independent of the saturation 

The experimental sorption isothermals of chabasite, however, never 
fulfil law (7). This shows clearly that the sorption energy is dependent 
on saturation. Two possibilities may be considered : the sorption 
energy may either decrease continuously with increasing sorption, or 
it may change in steps. In Paper 1 . we made the mistake of expecting 
that sudden changes of the sorption energy must reveal themselves 
by discontinuities or inflexions in the sorption isothermals. This is 
not true. If, for instance, the crystal contains two kinds of sorption 
centers, (with the energy and (with the energy then the 

distribution between gas phase and each set of centers will be inde- 
pendent of the existence of the second set and given by a formula of the 
kind (7). The total number of molecules in the sorbed state will be : 


{^\)i 


{^ 0)2 



lax.) 1 
a^p 


max.) 2 \ 

I (I2P ) 


(B) 


This equation represents a smooth function without ciny discontin- 
uities or inflections. Obviously, a continuous change of ^ with A' A’ max. 
may be expected to occur in the case of a “ gaseous ” or nearly gaseous 
sorbate, whereas the existence of a discrete set of values • 

is more characteristic of a “ solid ” sorbate with a number of different 
cr>'stallographic positions occupied by the molecules of the sorbate. 

(e) Saturation. — In the case of a fixed number of sorption centers, 
the number of molecules corresponding to the saturation state must 
be the same for all kinds of sorbates, or, alternatively, only a few widely 
separated saturation values may be found, forming a small whole 
number series. This may occur either in the case of larger molecules 
occupying two or more centres, or in the case of a particular set of centers 
being unavailable for some kind of sorbate. In the case of a gaseous 
sorbate, the saturation values may vary continuously according to the 
size and shape of the molecules. 

In Paper I. we used formula (i) for the representation of the iso- 
thermals, considered ^ as a continuous function of the concentration 
and extrapolated individual saturation values for all gases investigated. 
In doing so, we practically adopted the hypothesis of the ‘‘ gaseous ” 
sorbate. 

After the appearance of that paper, it has been, how'ever, suggested * 
that chabasite possesses tw^o cty’^stailographical positions which are 
vacant in the dehydrated lattice. Under these circumstances, two 
different saturation values and two different sorption eneipes for each 
gas may be expected. Hey suggested that the saturation values 
extrapolated in our previous paper may be arranged in two groups — 
some being close to 330 c.c./gm. (corresponding to 12 molecules of sorbate 
per unit cell) and the others to about | of this value. Fig. 8 in Paper I. 
shows that this interpretation is not incompatible with the experiments 


^ See A. Tiselius^ Z. physih, Chemie, 1935, A, 174, 401. 
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made with natural calcium chabasite. The results obtained with the 
substituted chabasites and illustrated by Figs. 2-5 in this paper arc, 
however, more difficult to reconcile with this scheme. To interpret 
them w'ould require much more than two different kinds of centers. 
Besides the saturation values 330 and 165 c.c., those lying in the neigh- 
bourhood of 80 c.c. and 20 c.c. are suggested by the slope of some curves. 

By assuming 4 or more different kinds of positions, each having 
its own characteristic sorption energy, one has in hand enough inde- 
pendent constants to be able to represent all the experimental isothermals. 
A representation of this kind is, however, of no great value in the actual 
state of the experimental material available. Fuller investigations of 
the sorption equilibrium may, however, give, with the help of the above 
derived formulae, information about the state of the sorbates under 
different conditions. 

The experimental part of this paper forms one part of the disserta- 
tion presented by Mr. W. C. Wood to the Faculty of Science of the 
University of Gottingen. Results of an investigation of the electrical 
properties of zeolites, which w’ere included in this dissertation, were 
communicated on a previous occasion.® 

The experiments were carried out in the Minerological Institute of 
the University of Gdttingen, to whose Director, Professor V. M. 
Goldschmidt (now is Oslo), we are highly indebted for his kind interest 
in this work and many valuable suggestions. We also thank Dr. E. 
Thilo for valuable advice in the analytical part of this work. 

^ E. Rabinowitch and W. C. Wood, Z. Elektrochemie, 1933, 39, 562. 
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The extinction coefficients for gaseous chlorine have been accurately 
determined by v. Halban and Siedentopf^ for the chief mercury arc 
lines, and Barratt and Stein * and Gillam and Morton * have made measure- 
ments of the absorption of solutions of the gas in carbon tetrachloride, 
which show that the absorption spectrum in this solvent is approximately 
the same as that in the gaseous state. 

The absorption of aqueous solutions have an especial interest on 
account of the thermal hydrolysis and photochemical reactivity of 
such solutions. According to E. S. Ssokolowa and P. I. Ssokolow ^ 
the extinction coefficients oiF aqueous chlorine are, for the wave-length 
436. 454, and 463 mfi, approximately the same as those of the gas. 
This is in agreement with the earlier measurements of Allmand, Cunuffe 
and Maddisoii,® who concluded that within the limits of their, admittedly, 

* Z. physik, Chem., 1922, 103, 513. 

* Proc. Hoy, Soc., A, 1929, 133 , 582. 

Rhss, Physic. Chem., 1930, 319. 

‘ /. Chem. Soc., 1927, 655. 


* Ibid., 134, 604. 
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rather large experimental error there was no marked difference between 
the extinction coeflScients of gaseous chlorine and its aqueous solution 
for the wave-lengths 436, 405, and 365 m/i. 

In the present work these measurements are repeated and extended 
so as to cover the whole spectrum between 420 and 220 m/Lt. As, 
however, the thermal hydrolysis results in the production of hypo- 
chlorous and hydrochloric acids it was necessary to determine the 
magnitude of the corrections due to these substances. The degree of 
hydrolysis and consequently the concentrations of the acids present 
could be readily calculated from the values of the equilibrium constant 
given in I^wis and Randall’s Thermodynamics^ page 508, Owing to 
the very slight absorption of the chloride ion,* no correction is necessary 
for the absorption of the hydrochloric acid. Hypochlorous acid on 



i/Vovekn^t/f in m/i 


the other hand absorbs considerably throughout the spectral region 
investigated. 

As the existing measurements on hypochlorous acid were neither 
extensive nor accurate enough, it w^as necessar\’ as a prelirnindiy to 
determine its absorption spectrum. 

Hypochlorous Add. — ^Thc acid was prepared by distillation of a 
mixture of bleaching powder, boric acid and water under reduced pressure, 
the distillate being redistilled from silver sulphate in order to remove 
traces of chloride. The approximately o-a M, solutions so prepared were 
diluted as required. 

For the absorption measurements a Judd-Lewis sector photometer 
in conjunction with a Hilger £.2 quartz spectrograph and an iron spark 

< Fromhers and Menschik ; Z. pkysih. Chem., 1930, 137, 439, 
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was used. The points of equal density in the photographs were deter- 
mined visually. The absorption cells were made up of drilled glass blocks 
over the ground plane-paralleled ends of which crystal quartz plates 
were clamped. Although no cement was used, leakage was insignihcant. 
Various depths of solution between 5*0 and o*i cm. were used. The 
reflection and other light losses were balanced by cells of similar depth 
filled with water. Transmissions greater than 50 per cent, were not used 
in order to avoid errors due to small differences in the characteristics of 
the cells. The concentrations were determined iodiometrically. 

The mean results of these measurements are shown in Fig. i in which 
logarithms of the decadic extinction coefficients are plotted against the 
wave-length. No dependence ol the extinction coefficient upon the con- 
centration could be detected within the concentration range of 0*017 
0*15 M. 

Chorine Water. — For the preparation of the chlorine water both com- 
mercial chlorine taken direct from a cylinder of the liquefied gas and 



V/ove length in m/i, 

Fjg. 2. 


chlorine purified by washing with water, liquefaction and distillation 
were used. The purified chlorine gave somewhat lower values of the 
extinction coefficient particularly at shorter wave-lengths where the 
correction for the hyjxichlorous acid formed by the hydrolysis is of most 
imp<jrtance. 

In order to avoid concentration changes, the chlorine solutions were 
prepared by passing the chlorine through water contained in a special 
all- glass storage vessel. From this vessel the solution could be siphoned 
out either into the absorption cell or into a special pipette designed by 
^'1 Young for accurate measurements on 

chlorine solutions. 1 he air replacing the chlorine w'ater removetl, passed 
thr(>ugh tw^o bubblers containing solution of the same strength as that 
in the main vessel. 

I he concentrations of the chlorine- water was determined both im- 
mediately before and immediately after filling the absorption cell, the 
mean value being taken as that of the solution in the cell. 
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The extinction coefficients of the unhydrolysed chlorine were cal- 
culated from the expression 

loR „ = <<(«a.[CI.] + aHoci[HCX:ij) 

in which aci, and aHoci are the extinction coefficients of Cl, and HOCl 
respectively. L and I respectively the incident and transmitted light 
intensities, and d the thickness of the absorbing layer of solution. 

As the degree of hydrolysis, and consequently the correction for the 
absorption of hydrochlorous acid increases with the dilution, concentra- 
tions of less than 0-04 Af , could not be used for quantitative measurements. 
The results obtained with the purified chlorine are plotted in Fig. 2. 

Since the absorption spectrums of aqueous hypochlorous acid might 
differ considerably from that of the v'apour, and in particular since dis- 
continuous absoq>tion if it occurs could only be detected in the vapour 
phase, the absorption of the vapour was investigated. At the same time 
the absorption of hydrogen peroxide vapour was also redetermined as it 
seemed probable that the work of ITey, Daw'sey and Rice ^ was in error, 
since their results for aqueous solutions differ considerably from the con- 
cordant results of several other workers.® No indication of any discon- 
tinuity in the absorption of hypochlorous acid vapour could be detected 
Ix-tween 230 and 3c>o ni/i, using a Hilger E. 2 Spectrograph. 

Hydrogen Peroxide and Hypochlorous Add Vapours. —Since neither 
of these substances can be obtained at a high concentration in the vapour 
phase, it is neces- 
sary to employ a 
long absorption 
tube if the alisorp- 
tion measurements 
are to lx* reliable. 

A translucent silica 
tulx* 10 metres in 
length and 2-5 cm. 
in diameter with 
fused on transpar- 
ent end plates, 
heated electrically 
to about 43 C. 
was used. The 
hv]K>chlorous acid 
vajxnir was ob- 
tained from aque- 
ous solutions pre- 
pared by the methcnl already descnlxd and the peroxide vapour from 
redistilled Merck’s “ IVrhydroI.'* 

To one end of the absorption tulx B ^Fig. 3) was sealed a quartz flask 
A. containing a solution of the vapour to lx‘ investigated. During ab- 
sorption measurements the vajxnir was distilled through B into the liquid 
air trap H, a convenient pressure lx*ing maintained in B by the capillary* 
D and control of the tap H. .\ “ Hyvac pump continually removed 
permanent gas. In order to measure the pressure in B a narrow* bore 
lead was taken from one end of B to the manometer G. Peroxide vapour 
was prevented from reaching the inanometric liquid by manganese dioxide 
heated to loo"" C. contained in the bulb C, while the water vapour initially 
present or formed by the decom|K>sition of the pertixide was frozen out 
in the trap F, so that only oxygen reached the manometer. With 





To SpiC/tofraph 
! fo metres 


Fm. 3. 


^ Urey, Dawsey and Rice ; J.AX\S., luig. 51, 137^- 

•Henri and Wurmser ; C./?,, IQ13, 156, 1012; Rieche and Leilerle, Rer., 
r02t>. 62, 2573 ; Allmand ami Style, J. Chew. i>oc., 1930, 590, 
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hypochlorous acid, C was replaced by a capillary leak open to the atmo- 
sphere in order to supply the gas to operate the manometer. 

After each exposure the condensate in the trap E was melted and the 
niolal fraction of peroxide or hypochlorous acid determined by the usual 
analytical methods. The temperature and total pressure in the absorp- 
tion tube being known, the concentrations of the absorbing vapours could 
be readily calculated. These lay between i and 4 x io“* gm. mols. /litre 
with hypochlorous acid and between 5 x 10-* and 5 x 10 with hydrogen 
peroxide. 

A hydrogen discharge between stainless steel electrodes in a water- 
cooled silica tube served as the light source. Before entering the absorp- 
tion tube the light was rendered approximately parallel by the sector 
box lens system of a dismantled Judd-Lewis sector photometer. The 
absorption of the peroxide vapour was determined by taking pairs of 
photographs with the same time of exposure without moving the photo- 



ZfO ZIO 250 240 250 260 2/0 260 200 600 


Wavelength m m/i . 


graphic plate but 
with different ad- 
jacent portions of 
the slit of the 
spectrograph ex- 
posed, one with 
the tube evacu- 
ated (the tap H 
being closed) and 
the sector set to* 
reduce the light 
intensity by a 
known amount, 
and the other with 
peroxide va|x>ur 
flowing through 
the tube and the 
sector adjusted to- 
give the maxi- 
mum transmis- 
.sion. The match 
points were deter- 
mined visually. 
The accuracy 
this method was- 
checked by deter- 
mining the extinc- 
tion coefficients of 


Fig. 4. 


chlorine, values 


within 5 per cent. 

of those given by v. Halban and Siedentopf being obtained. 

The instability of hypochlorous acid and the weak absorption usually 
obtained with it necessitated the adoption of a different procedure with 
this substance. 


A calibration series of spectra was photographed through the evacuated 
tube with constant time of exposure, but with the sector adjusted to give 
different transmissions. Photographs were then taken with the same 
exposure but with hypochlorous acid vapour ffowing through the tube 
and the sector set to give tfie maximum transmission. The absorption 
of the vapour at a number of wave-lengths was then found by comparing 
the densities of the photographs taken through the vapour with the 
calibration series by means of a recording micro-photometer. 

The results for hydrojgen peroxide are shown in Fig. 4 and the results 
from a few representative plates obtained with hypochlorou.s acid in 
Fig. 1. 
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Discussion. 

Although, as can be seen from the scattering of the extinction 
coefficients of gaseous liypochlorous acid, no great accuracy can be 
claimed, there can be no doubt that there is a very considerable differ- 
ence between the absorption of this substance in the vapour and dis- 
solved states. This difference cannot be ascribed to either chlorine 
monoxide or chlorine dioxide, since the absorption in no way resembles 
that of the monoxide,* and the very easily detectable bands of the 
<lioxidc were entirely absent from all plates used for measurement. The 
dioxide bands did, however, sometimes appear if the hypochlorous 
acid solution was not freshly prepared. The very marked depression 
of the transition probability on passing from the vapour to the dissolved 
state is rather exceptional since chlorine is scarcely affected at the 
longer wave-lengths, and ^^ith hydrogen peroxide the effect of dissolution 
seems to be to simultaneously increase the maximum absorption and 
make the band narrower The mean time of contact of the vapour 
with the heated tube was only of the order of 5 seconds, but no attempt 
was made to keep it constant from exposure to exposure, so that the 
difference between solution and vapour can scarcely be accounted for 
by assuming that some 90 per cent, of the vapour decomposed during 
4ts passage through the absorption tube. The concentration of the 
condensate was moreover too great to allow of the assumption that 
any extensive decomposition had occurred. The large effect of the 
solvent may perhaps be due to the asymmetry’ of the hypochlorous 
acid molecule, and its consequent considerable interaction with the 
water dipoles. 

The dissociation products which might be obtained from the hypo- 
chlorous acid molecule are : OH + Cl (cither or both being excited), 
requiring 55 Cals, for unexcited products, HCl + 0 (*P), requiring 
57 Cals., HCl -f 0 (^D) requiring 102 Cals, and H + CIO requiring 109 
Cals., if the heat solution of hypochlorous acid is taken as lo Cab. and 
the heat of dissociation of CIO is 50 Cab.'® Either of the tw^o first 
of these might be produced by light absorption in the longer wave- 
length band. The failure to detect the presence of any discontinuity 
in the absorption even at the wave-length where the extinction co- 
efficient is a minimum (A 277 mix) excludes any process requiring 
more than 102 Cab. from responsibility for the absorption at shorter 
wave-lengths. Dissociation into H + CIO can thus be left out of 
account unless this band is not simple, as it appears to be. HCl -f 0 ('D) 
remain, however, just possible. 

The maximum of the second band lies outside the region covered 
by these measurements, but from the general trend of the curve might 
be expected to occur at about 210 mix, giving about 47 Cab. as the energy 
separation of the two maxima. This approximates to the difference 
between the two oxygen terms 'D — == 45 Cab. Notwithstanding 

this apparent agreement the available evidence scarcely justifies the 
assignment of any one of the three possible dissociation processes to 
cither band. 

The effect of water upon the absorption of chlorine is zero within 
the experimental error for wave-lengths between 350 and 420 m/a. 

• Goodeve and Wallace. Trans. Faraday Soc., 1930. 3 ^* * 54 * Abo ref. 10. 

Finkelnburg, Schumacher and Stiege’r. /. physik. Chem., B, 1931. 15, 1^7. 
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At shorter wave-lengths, however, there is an increase in the absorption 
culminating in the appearance of a new band below 270 m/i., the maxi- 
mum of which is not attained within the limits of our measurements. 

A similar but more intense change in the absorption has been found 
on dissolution in strong aqueous hydrochloric acid (4 to 10 molar), 
when a very intense absorption sets in below 290 m^t, the absorption 
at longer wave-lengths remaining meanwhile similar to that of the gas. 
If the hydrochloric acid contained hydrobromic acid the long wave- 
length maximum shifted to 380 m^t, the position of the maximum of 
bromine chloride in carbon tetrachloride.^^ According to the data 
of Forbes and Fuoss the chlorine would have reacted almost com- 
pletely to form bromine chloride under our conditions. The absorption 
obtained with the solutions containing hydrobromic acid w’a< very 
similar to that of BrCl~ excepting that the absorption at shorter wave- 
lengths found by us w^as much stronger than that reported by Gilbert, 
Goldstein and Lowry. This difference is readily accounted for if the 
complex ion is considerably dissociated if a large excess of chloride ion 
is not present. 

By analogy the ion Cl^ is presumably responsible for the absorption 
obtained with chlorine in hydrochloric acid solution, and further, the 
difference between the absorption of gaseous chlorine and its aqueous 
solution (which is indicated by the dotted curve of Fig. 2) may be 
ascribed to the ion Cl20H~ or perhaps the molecule HCljOH. Though 
possibly merely a coincidence it is worth noting that this difference 
rather closely resembles the absorption of hypochlorous acid vapour 
(Fig. I). 

In view of the experimental methods employed, it w^ould seem that 
the present values of the extinction coefficients of hydrogen peroxide 
are to be preferred to those of Urey, Dawsey and Rice. 

Summary. 

The absorption spectra of aqueous chlorine and hyjx>chlorous acid 
solutions and of the vapours of hypochlorous acid and hydrogen peroxide 
have been investigated. 

The interpretation of the observations is discussed. 

The University of London^ 

King's College ^ 

Strand, W.C, 2. 

(iillam and Morton, Proc. Roy. Soc., A, 1929, 124, ^>04. 

” Forbes and Fuoss, J.A.C.S., 1927, 49, 142. 

Chem. Soc., 1931, 1092. 
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The dissociation constants of bases having solubilities below about 
0*001 mols. /litre cannot be determined by the ordinary methods with 
the same accuracy as those of soluble bases, on account of the low 
concentrations and consequent lack of hydrogen ion regulating power, 
of the equimolecular free base, salt mixtures. The first constant 
of benzidine was, however, determined by Pring^ who measured [H*] 
of the 0*001 N. hydrochloride and base {a) by the quinhydronc {b) by 
the hydrogen, electrode and {c) colorimctrically, and found (classical) 
basic dissociation constants = 1*7 x I0~® 1*45 x io~*and rsSx lO'"* 
respectively. If we take the mean value of 1*58 x 10-** and express 
the basic constant as a hydrolysis constant ^vhich is also an 

apparent acidic constant then pk^ or pk^ = 5*2. 

Since l jk represents the proton affinity of the base which is given 
by [BH*]/(B][H*], the magnitude of pk^ is a measure of the affinity 
of the base for the first proton. 

In order to obtain a mean value of this constant (which is often found 
to vary slightly with the degree of neutralisation, a number of points 
on each side of the half-equivalence point have been obtained, and 
corrected by the equation : 


Ml -= Pb + log 


iBH-i - [H-J 


10 c.c. of an Mjzooo solution of the base containing 0*092 g./Utre 
were treated with 0-01176 iV HCl, 0*135 to 0*335 c.c., added from a micro- 
burette, and the />« values determined by matching with B.D.H. uni- 
versal indicator in a test-tul)e comparator. Mean pk^ — 4-97. 

The hydrolysis of Mjzooo BHCl was investigated with B.D.H. uni- 
versal. bromocresol blue and bromophenol blue, indicators. The mean 
/>H was 4*3. Applying the usual equation : 

Pn -- 7 - - i log C: . . . . (2) 

we find, pk^ 8*9, pky 51. 

Although this method apparently gives a correct result, yet it must 
be noted that the simple hydrolysis equation is not really applicable, 
since the second constant has an exponent which only differs from that 
of the first by little more than a unit. The oi the first equivalence 
point is intermediate between pky and />Af„ so that the general equation 
of a diacid base should be used, which may be expressed in the form : 

ftjf.-i* k^kfC 

ill which kf, A, are the apparent acidic constants. Taking negative 
exponents of [H'J. A, and A,, we obtain : 

pH ~ i(Mi ■+ M*) 

* Trans. Faraday Sac., 1924, 19 , 705. 

903 


• (3) 
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Inserting the value oi pki^ 5*o, then pk^ = 3*4, which is 0*4 units less 
than that found experimentally. 

The second constant was determined by adding 0-0294 N NaOH from 
a microburette to 10 c.c. of the 0*005 M base dihydrochloride in the 
presence of dimethylaminoazobenzene and methyl orange. The equ- 
ation contains a hydrolysis correction which is rather high : 

^ , I [BH,-] - [H-] 

Ml - + log ^ • • • (4) 

in which [BH] is the uncorrected amount of monohydrochloride corre- 
sponding to the addition of x c.c. of alkali. The calculated Mi varied 
between 3-6 and 3*9, the mean of lo results being 3-75. 

As already remarked, this exponent is too high to yield the experi- 
mental equivalence point of monacid base. While, however, the first 
constant was determined in solutions so dilute that no correction is 
needed for total ionic strength,'* the second was determined in more 
concentrated solutions, and should be corrected by some function of C, 
which would probably give a lower value to the ideal or limiting Mi* 


Dissociation Constants in Aqueous -Alcoholic Solutions. 

The constants in methyl alcohol, 50 per cent., were found by Kuhn 
and Zumstein,* who measured the E.M.F. of the combination : HjPtB, 
BHCl 3*5 N KCl, 3*5 N KCl, HgCl Hg at 20®. The normal potential 
of the calomel 3-5 N potassium chloride was taken as 250 mv. The 
results are expressed by the general equations corrected for activities 
of BH and BH| at the ionic concentrations. 

pk, = pa^ - log [B]/[BH*) - o-43-^C 

pk, = pa^ - log 

In these solutions, Mi = 4*^9, Ms = 374* 

The pk values of several bases in mixtures of ethyl alcohol and 
water have been obtained electrometrically, and the results extrapolated 
to zero concentration of alcohol.* 

Experimental. — ^Pure benzidine (0*3683 g.) was dissolved in lOO 
c.c. of dry alcohol. 5 c.c. portions of this solution were made to 50 c.c. 
by adding appropriate amounts of standard hydrochloric acid, water 
and alcohol, in order to give a scries of solutions containing lo up to 
70 per cent, of alcohol and 004 molar half-neutralised base. The 
E.M.F. at 20® of the chain : 

HjPt alcoholic base — HCl saturated KCl, agar sat. KCl 

E — E 

HgCl Hg gave p^ == — in which E^ = 246-4 mv. 
The results arc shown graphically in Figs. 

For the manacid base Mi ** 4*^0 in 70 per cent, and 4-99 in 15 per 
cent, alcohol, extrapolated value, 5*09. 

For the diacid base, pk^ is 3*42 in 60 per cent, alcohol and 3-67 in 
10 per cent., extrapolated value, 3*79. 

1920, 59, 488, 

»Michaelis and Mitzutani, Z. physik. Chem., 116, 135 ; Hall and Sprinkle. 
J. A met, Chem. Soc ., 1932, 54, 3469. 
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Systems Containiiig Solid Base, Relation between 
Dissociation and Solubility. 


Heterogeneous systems would seem to be particularly suitable for 
determining constants of very slightly soluble bases, since the solutions 
are well buffered as well as dilute. It is first necessary to develop the 
appropriate equations. 

Solid Base present.— As before, the free uncharged base will be 
represented by B, the univalent kation by BH* and the divalent by 
BH**. The concentrations of the various ions are regulated by the 
dissociation constant, lig, the solubility product of the base : 

. . . (5) 

and, if solid salt is also present, by its solubility product : 

(BH-lfCn .... (6 

From elertrical neutrality : 

[BH-l MT] 4- - fH-] . . . (7) 

[lie solutions are all acid, so that : 

[BH-j i(T] - [H-j . . . . (8) 


[Crj can be calculated or obtained by titration, hence from equation 

{5). In order to determine it is necessary to determine 

also B the concentration of undissociated base, which is practically 
e(|ual to the solubility in pure water. 

Solid Base and Solid Salt present.— In equation (7) substitute 

and 

/-li 


values of [CKJ from (6), OH' from {5) and [H*j -- 
obtain : 

r /V,; 4 K / 


[BH-] 


(y) 


The results showed that can be neglected in comparison with Lg 
and therefore : 


[BH-] 


I LpLg ) * 


(10) 


•V 

The.se express the conclusion that tlie saturated solutions maintain con- 
stant concentrations of the hydrogen and other ions. 


Experimental. — Solubility was determined by saturating a large 
volume of water with the base at 30'' C. then cooling to and maintaining 
at 25®. 250 c.c. were extracted successively with 15 c.c, of chloroform. 

A bl^k experiment had shown that extraction was complete ; the revSidual 
aqueous part gave no blue colour with a few drops of potassium dichromate 
solution, and therefore contained less than i in 50,000 of base. Evapora- 
tion of the united extracts showed a solubility of 0*0916 g. /litre. 

Saturated benzidine solutions in portions of 25 c.c. were treated with 
0*2 g, of the solid base, and then with 1*3 to 3*5 c.c. of 0*09173 N HCl. 
A constant of 4*3 was registered with bromocresol green in a Lovibond 
disc comparator. 

100 c.c. portions of a saturated solution containing solid base were 
treated with varying amounts of 0*1 N HCl, shaken vigorously and allowed 

33 



966 THE INFLUENCE OF ULTRASONIC WAVES ON GELS 

to stand for a week, when the constancy of pji — 4*3 was verified. The 
chloride ion was determined by thiocyanate titration, and was 6*37 to 
6-42 >; 10 g. ions per litre as 8 to 15 c.c. of the hydrochloric acid were 
added to 30 c.c. of the base solution. 

From the values of [BH*], [H*] and [B] obtained as above, the value 
of pk^ was found and is expressed as pki 5*23. 

Solubility product of base, 

Lb = k^B = 172 X IO-* X 7*24 X — 1*25 X io~**. 
Solubility product of monohydrochloride, 

[BH*][C 1 T = 6*37 X lo-s X 6*4 x lo-* — 4*08 x 10-*, 


Summary of Affinity Constants 1‘T0“*<). 


Method and Workers. 

Pring. — Electrometric and colorimetric 1*58 5*199 

f Colorimetric . . . 1*25 5*^97 

Electrometric extrapolated . — 5*09 

Heterogeneous system . 174 5*23 




361 
3 79 


Conclusions have been drawn from the magnitude of these affinity 
constants as to the structure of the molecule and the nature of the di- 
phenyl linkage. These will be reserved for a later communication in 
which it is hoped to supply some hitherto undetermined constants of bases 
belonging to this class. 


University College^ 
Nottingham. 


THE INFLUENCE OF ULTRASONIC WAVES ON 

GELS. 


By H. Preundlich .and K. Sollnek. 


Received 2 Srd Aprils 1936 . 

This paper deals with the mechanism of the influence of ultrasonic 
waves on thixotropic gels and with their peptising effect in general. 

1. The Liquefectlon of Thixotropic Gels. 

Some years ago ' it was reported that thixotropic hydrogels {e.g. 
those of iron and aluminium oxides, bentonite, barium malonate) and 
several oigano-gels are readily rendered fluid when irradiated with 
ultrasonic waves of high intensity for several seconds^ the time of spon- 
taneous solidification being the same as after vehement shaking. It 
was proved that this liquefaction is not due to thermal effects (which, 
after so short an irradiation, are small), as these gels have no tendency 
to soften or melt when moderately heated ; indeed iron and aluminium 
oxides spontaneously solidify more rapidly at higher temperatures.* 

I H. Freundlicb. KapiUarchemie 4, Aufiage, II. Bd. 1932, p. 616 ; H. Freuiid- 
lich. F. Kogowski and K. SOllner, Z. pfysik. Chem., A, 1932, 160, 469; KoUaid- 
lUihefU, 1933, 37, 223 ; N. Marinesco, C.R., 1932, 194, 1824. 

* A. Ssegvari and E. Schalek, Koll. Z., 1923, 33, 326 ; H. Premidlich, F. 
Kogowski, and K. SOUner, KoUoid-BHhefte,^ 




R FREUNDLICH AND K. SOLLNER 


967 


The liquefaction of gels contained in test tubes commences at the 
interface gel/air, the upper parts becoming liquid at once when irradiated 
with high energy. With iron oxide gels the process of liquefaction may 
easily be observed, as the colour of the gel turns to a much darker brown. 
The liquefied parts move rapidly and drops are thrown out forcibly from 
the suHace. From the very start of the irradiation the whole gels shows 
brown spots, having a marbled appearance and on longer irradiation the 
amount of liquid increases, until the whole mass has become liquid. 

The importance of the gel /air interfaces in the process of liquefaction 
may be stnkingly demonstrated with transparent ^uminium oxide gels,» 
on shaking which, air-bubbles may be distributed throughout the whole 
mass. The creaming-up of these bubbles stops when the sol reverts to 
a gel, but the latter then contains numerous air-bubbles. When irradi- 
at<^ (preferably with not too high an energy) the bubbles move upwards, 
coalesang more or less and stopping at once when the irradiation ceases.^ 
Their movement is particularly strong where the oil fountain touches 
the test tube. In this way air-bubbles may be expelled from the gel, 
the latter not being rendered wholly fluid : this becomes evident on turning 
the test tube upside down. Only a thin layer of gel round the bubbles is 
liquefied, and through this the latter move upwards. Sometimes under 
these conditions the bubbles tend to form stationary w'ave patterns.^* • 

When a test tube containing a thixotropic gel is turned upside dtnvn 
and then dipped into the oil fountain the gel does not fall down as a lump, 
but is rendered liquid at the low'cr surface ; the liquid then runs down the 
walls of the tube and liquefaction j roceeds on the surface until the whole 
mass is liquid. 

Ill a previous paper a mechanism of emulsification b\' ultrasonic 
waves was suggested ^ and it seemed worth while to investigate, how 
far the liquefaction of gels may be explained in the same manner. 

It was shown that emulsification in oil /water systems is due to 
cavitation 01 more correctly to the vehement collapse of cavities. 
These cavities form when the liquid is unduly stretched during the 
expansion phases of the sound waves ; if an external force {e,g. an ex- 
ternal gas pressure) causes these cavities to collapse, violent mechanical 
processes such as emulsification occur. 

This mechanism holds also for the liquefaction of gels ; if liquefaction 
ceases when cavitation can no longer be effective, it must be attributed 
to cavitation. 

Effective cavitation may be prevented,’ either by experimenting in 
vacuo so that no external force acts upon the cavities to cause them 
to collapse, or by applying such a high external pressure that no cavitie'^ 
are formed. Under neither of these conditions do ultrasonics render 
thixotropic gels fluid. 

Expertmofits in vaato. 

Two samples of thixotropic iron oxide sol, having the same time of 
solidification when liquefied by shaking, were sealed in test tubes, the 
one (a) under normal pressure and saturated with air, the othei (6) in 

* H. Freundlich, F. Rogowski and K. SOllner.' 

* See Fig. 3 on page ^36 KoUoid-Btihefie, 1933. 37- 

* E. Newton Harvey, Bi<d, BuU., 1930, 59* 306 : K. SOllner and C, Bemdv, 
Trans. Faraday Soc., 1936, ja, 616. 

* Solid patticles alim move in these gels on irradiation, but very much more 
slowly. If aomewtiat small they form stationary wave patterns under suitable 
conditions ; if too big and too heavy, the radiation drives them to and fm, thus 
hquei^g the gel around them slowly till they sink down in course of time. 

’ C. Bondy and K, Sdtliier. Trans. Faraday Sec., 1935. 31, 835. 
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ifartio after careful degassing. When exposed to ultrasonic waves of 
moderate energy, tube (a) readily liquefied, starting mainly from the 
top ; tube (6) hardly changed, a thin layer only, at the surface being 
somewhat disturbed after a long time. 

With very high energies drops of the gel were torn off and thrown 
upwards ; an occasional small brown (liquefied) spot appeared also in 
some samples in vacuo, as it is difficult to make the gel absolutely gas- 
free, but even after prolonged irradiation only the top layer of the gel is 
at all disturbed, its viscosity " still being obviously very high ; the gel 
as a whole being unaffected. The tearing away of drops from the surfjice 
is always observed in the oil fountain over the vibrating quartz plate.* *• 
With the air-saturated gel, liquefaction was effected very rapidly. 

When these experiments are performed in long tubes • the result.s 
are still more pronounced. Only a slight surface movement is observe<l 
in vacuo, but with the air-saturated gel liquefaction always occurs (w'here 
in the emulsification experiments emulsification was seen), preferably 
at the top and secondly where the oil fountain touches the glass, the inter- 
mediate part being liquefied only after prolonged irradiation with high 
energy. 

A more or less regular structure— dark brown /yellowish brown is 

often observed, reminding one of the stationary wave pattenis previously 
described.* Effective cavities may to some extent l>e formed here also 
in the middle part of the tube ; occasionally some of the darker spots grow 
rapidly, and then a gas bubble (due to degassing) will always be mov- 
ing ateut in a liquefied zone, just as in the case of aluminium oxide gel, 
where, in the absence of formation of stationary waves in short column.s, 
gas bubbles are driven to the surface, owing partially t() radiation pressure, 
partially to their buoyancy. 

Experiments under gas pressure were also carried out in long tubes, 
the external pressure of compressed gas txnng applied frc»m a cylinder 
of compressed air. On irradiating now, even with high energy, nothing 
happens, except a slight movement of the meniscus : this does not cause 
true liquefaction, except perhaps in a thin upper layer. AfttT prolonged 
irradiation this upper layer becomes slowly saturatefl with gas and 
liquefaction takes place in a narrow zone, the bulk of the gel Ix'^ing 
absolutely iinafiected. When the pressure is turned off, liquefaction 
begins at once, cavitation now being possible. 

These experiments show that the liquefaction of thixotropic gels 
occurs under exactly the same conditions as where emulsification is 
observed, i.e,, when cavitation (as defined in an earlier paper) is possible. 
Without cavitation the sound waves cannot even destroy the very weak 
stnicture of thixotropic gels. 

These experiments show also that the particles of the gels investigated 
arc too small to scatter any appreciable energy, since otherwise stationary 
wave patterns • ought to appear ; the gel beliaves as a homogeneous 
medium.^® Foreign particles, of quartz of several ^ diameter, 
which are big enough to scatter sufficient energy to be affected indi* 
vidually, form stationary wave patterns in these gek just as in liquids,*^ 

• W. R. Wood and A. L, Loomis, Phil. Mag., (7) 1927, 4, 417: 

• K. SOllnpr and C. Bondy, 

*• Some phenomena observed in gel-like systems with particles large enough 
to be moved individually by the sound waves will be described shortly. 

The velocity of sound in these gels is nearly the same as in the niediinn 
of dispersion. 
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2. The Pepttsing Action of Ultrasonics. 

in the pcptisation of gels by ultrasonics exactly the same result 
is obtained : neither in vacuo nor under a sufficiently high external 
pressure (so long as the system is not saturated with gas) is pcptisation 
observed. 

A sheet of commercial gelatine was rolled together and pushed to the 
t)ottom of a test tube, so that it could not be moved by the radiation 
pressure, when irradiated ; then water was added. Three samples were 
thus prepared : the first {a) was left in that condition, the second (6) 
was carefully degassed and sealed off, and the third (c) was partially 
degassed to remove at least all gas bubbles adhering to the gelatine and 
then connected (with a high column of water on the top) to a cylinder 
of compressed gas, under a pressure of several atmospheres. 

The three tubes w^ere irradiated with medium energy ; the gelatine 
foil in tube (a) started to collapse after 10 to 20 seconds, formed a vol- 
uminous clod, and was [Xiptised entirely after about 40 to 60 seconds, 
the whole process being more rapid with higher energies. In the other 
two tube's, oven after several minutes of irradiation and on applying 
high energy, the gelatine fr)ils were quite stiff and unaflectccl, the water 
remaining quite clear. 

Obviously the rate of swelling of suitable substances is much increased 
when pcptisation occurs on irradiati<m. 

Substantially the same result was obtained with many other sub- 
stances, e g. glue, rubber in different organic liquids, aluminium oxide 
in dilute H( 1 , so long as the adherent and enclosed gas is removed, when 
experimenting iti vacuo or under pressure, a condition not always too 
readily fulfilled in the case of gels. 

When combining the above facts with the results of many earlier 
investigations,^® one may conclude that all the destructive and dis- 
ruptive effects in nonmictallir systems (also in biological systems) 
reported by many authors must be attributed to cavitation, its defined 
in an earlier paper.’ 

Mention may also be made of two further points of importance in 
the pcptisation of gels: the vigorous movement to be seen in two- 
phase systems when irradiated, and the heat developed. 

The movement of suspended particles and the stirring effects due 
to large interfaces in heterogeneous sy.stems were described in an 
earlier paper * ;ind the results obtained there may be applied accordingK 
to the peptisation. 

When a liquid is irradiated, heat is always developed, particularly 
in the presence of large interfaces.^* This is due partly to the absorption 
of sound energy (most pronouncedly with very viscous liquids, eg, 
glycerol), but much sound energy is scattered and thus transformed 
into heat by interfaces. It seems, however, that cavitation also may 
play an important r6le.*® This question still needs more thorough 
investigation, specially as to how the occurrence of cavitation depends 
upon the presence of interfaces. 

^•W. R. Wood and A. L. Loomis;* H. Frcundlich, F. Kogowski and K. 
SdlJner, KoUoid-Beikefle,^ 

E.g. E. Newton Harvey;* C. Bondy and K, SOllner.’ 

'* This seems to be correlated with the well-known fact that the propagation 
of sound is nmeh feebler in liquids containing gas, than in gas-free ones. 
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Summary; 

The liquefaction of thixotropic gels and the peptisation of gels in 
general by ultrasonic waves are due to the same effect as cmulsiiicatian 
in non-metallic systems, i.e. they are due to cavitation. If the latter 
is prevented, either by external pressure or by exf>erimenting in vactWt 
no liquefaction and no peptisation is observed, when irradiating with 
ultrasonics. 

The Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry, 

University College, London, WX'. i. 


ON A MODE OF ACTION OF SOLVENTS ON 
CHEMICAL REACTION VELOCITY. 

By C. N. Hinshklwood. 

Recewed 2 ^rd April, 1936. 

Tw'o atoms combine stably only in ternary collisions, the rafe being 
determined by the removal of energ>' from the product. If the rate 
is written PZe’^^l^^, P, though not E, will vary widely with the efficiency 
of the final deactivating collision. 

This may apply to more complex association reactions, and efficiency 
of energy removal is, in principle at least, one of the factors roncemed 
in solvent effects. 

In a reversible reaction XY — X + Y, [XY]/(X)(Y| — K til 
equilibrium. In the gas phase the dissociation reaction is frequently 
of an order between the first and the second, the rate being 
Ai[XY][M]/{i + (^2/^3)[M]} where [MJ is the concentration of that 
vSpecics which activates XY by collision. Equally commonly, there- 
fore, the association rate must be ikjA"(X)[Y)[Ml/{l + to 

give the correct equilibrium constant. The direct derivation of this 
expression assumes the collision of X and Y to give an activated mole- 
cule which may either relapse to X and Y at a rate or be de- 
activated by collisions to give a product at a rate Aj^i[M]. Then 

V(X](Y] A^[M) -- A3a o, 

whence rate - A^fM] (A^//A,){X][Y)[M](i + (AA)(M]}* 

When (Aj/A 3)(M] is great compared with unity, the rate l^econus 
independent of [M] and : otherwise the rate depends upon the 
removal of energy from the product. 

In a reaction in solution dependence on [M] w^ould not be evident, 
since M would be the solvent and [M] constant. The rate might 
nevertheless be determined by the deactivation of the product by solvent 
molecules. At first sight (kflk^)\M] might be supposed always great 
compared with unity. This, however, is not necessary : (M] is always 
great, but might be correspondingly small. The studies of Eucken ^ 
on the variation of the velocity of sound with frequency have shown 
that on the average many thou.sands of collisions may be ncccssaiy' 

^ Eucken and Jaacks, Z. physikal, B, 1935, 30, S5. 
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before a quantum of vibrational energy is converted into translational 
energy, and that the facility of transfer from molecule to molecule 
varies very widely. For example, 47,000 collisions occur before a mole- 
cule of carbon dioxide gains or loses a quantum of vibrational energy, 
while 630 are necessary for a molecule of hydrogen to remove a vibra- 
tional quantum from nitrous oxide. Transfer is extremely difficult except 
when the two colliding molecules exert strong specific forces on one 
another in virtue of dipoles, ionic charges or unsaturated valencies. 

When the action of the solvent depends upon this mechanism we 
should expect : 

(1) The value of P will vary widely from solvent to solvent. In 
favourable circumstances it would be possible to find a series of solvents 
in which changes in the velocity of a given reaction depended almost 
entirely on P. Simultaneous changes in E by different mechanisms 
are not precluded in general. 

(2) In a reaction where a highly polar association product is formed, 
e.g.y in quaternary ammonium salt formation, the Eucken principle 
suggests that the energy could be most effectively removed from the 
ionised linkage by a molecule capable of exerting strong forces on it. 
Thus some rough functional relation between P and the dipole moment 
of the solvent might exist. 

(3) For a very inert solvent might be so small that one of the 

reactants or the product w^ould have to play the part of the deactivating 
third body. Thus the reaction might become kinetically of a higher 
order than the second in the inert solvent. 

(4) Increase of pressure, in virtue simply of the increased solvent 
collision number, could cause a considerable increase in P. 

(5) Small additions of iui active to an inactive solvent would bring 
about a linear increase in rate. 

Witii regard to (l), the rather wide variation of P with solvent 
is evident from data already available in the literature, as for example 
in the work of Grimm, Ruf and Wolff * on the combination of triethyl- 
aminc and ethyl iodide. The effect of the solvent on P is still more 
clearly shown in the reaction of pyridine and methyl iodide ® where 
it also appears that any correlation between the dipole moment of the 
solvent and the reaction rate is by way of P and not by way of E. 
This might be taken as an example of {2). 

Examples of (3) are found. The reaction between benzoyl chloride 
and aniline is bimolecular in benzene, but in hexane, which is very 
much more inert, it shows marked autocatalysis by the reaction product. 
The influence of dilution is also quite anomalous, corresponding to a 
reaction order more nearly of three than of two.^ The same auto- 
catalytic effect of the polar product is found in the methyl iodide- 
pyridine reaction in inert solvents, and an anomalous dilution effect 
with m-nitranilinc and benzoyl chloride in carbon tetrachloride.* 

(4) is exemplified by the marked increase in P found by Gibson, 
Fawcett and Perrin * for the reaction between ethyl iodide and pyridine 
in acetone, where the increase of P betw^ecn one and 8500 atmospheres 
is of the order of 1000 times, the increase of reaction rate with pressure 
occurring in spite of an appreciable increase in the activation energy. 

* Z. pkysikal. Chem., B, 19^1. I 3 » ^99* 

* Unpublished experiments of N. J. T. Pickles. 

* Grant and Hinsnelwood, J. Chrm, Sor., 1351 . 

^ /VtJT. Soc,, A, 1035. 130, 223. 
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(5) is exemplified by the addition of nitrobenzene to benzene in which 
the reaction of benzoyl chloride and aniline occurs.® There is an in- 
crease in velocity proportional to the concentration of the two reactants 
and to that of the nitrobenzene. 

It is not suggested that the removal of energy by the solvent mole- 
cules is a rate determining factor in general. All the examples quoted 
are of reactions where a polar salt is formed, and which show about 
the smallest values of P ever found. All the individual observations 
could be given alternative explanations, yet, taken together in the light 
of general considerations about the specificity of energy transfer, they 
lend some degree of significance to the question whether this function 
of the solvent has hitherto been taken fully enough into account. 
Those conditions where it is likely to be of importance are where there 
is difficulty about the dissipation of the activation energy into parts 
of the molecule remote from the active centre. There is evidence that 
such resistance to internal energy conversion plays a part in other kinetic 
phenomena.’ 

• Williams and Hinshelwood, J. Chem. Soc., 1^34. 1070. 

’ Cj\ Proc. Roy. Soc., A. 1934, ^39- 


REVIEW OF BOOK. 

The Theory of Emulsions and their Technical Treatment. By William 
Clayton. (London : J. A. Churchill (1935). l*p. 458. 25*5 cms. 

X 16 cms. Price 25s.) 

The first edition of Clayton's book appeared in 1923, and contained 
160 pages ; this third edition has nearly trebled its size. The book has 
developed from an excellent introduction concerning our knowledge of 
emulsions into an even better text-book of this subject. The very large 
technical literature on emulsions has been incorporated, and one finds an 
equally thorough treatment of emulsifiers, colloid mills, homogenisers and 
the manifold devices used for de-emulsification, on the one hand, and of 
inversion of emulsions, multiple emulsions, Mudd's interface technique, 
etc., on the other. Emulsions are complex systems, and any one-sided 
theory of their stability which excludes all oUiers is unlikely to be the true 
one. Clayton is therefore perhaps right in discussing the possible explana- 
tions so impartially that one often does not know which of them he considers 
the most probabltj. 

H. F. 
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TWO INORGANIC COMPLEXES HAVING IN SOLU- 
TION AN EXCEPTIONALLY HIGH VERDET 
CONSTANT. 

By Ren£ Lucas and Fernand Gallais. 

Received i6/A Aprils 1936. 

As long ago as 1886 Cornu and Potier,' studying the influence of 
the angle of the magnetic field and of the luminous ray on magnetic 
rotation, made use of “ Thoulet liquor ** which has a magnetic rotatory 
power three times greater than that of carbon bisulphide. Seversil 
subsequent measurements have confirmed the exceptional position of this 
solution and it always holds first place amongst the liquids having a 
high Verdet constant.** * 

One of us having utilised this property for determining the chemical 
constitution of dilute solutions of alkali iodomercurates/ we have resumed 
the study of such solutions. We have shown that their main constituent, 
n salt of HjHgli has an exceptional specific magnetic rotatory power and 
dispersion, which we have sought to interpret on the grounds of luminous 
absorption.* We were led, later, to investigate the analogous properties 
of solutions of alkali iodobismuthates. 

Recent work having involved the preparation of saturated solutions 
of complex salts, both of iodomercurates and iodobismuthates of potas* 
Slum, we hoped to obtain liquids having an exceptionally high magnetic 
rotator>^ power. These are the subject of the present communication. 

1. Preparaticm of Solutions. 

The two solutions in question were adopted after several investigations 
of other less favourable ones ; their composition was thus chosen so that 
they would have a maximum content of complex salts. 

Saturated Potaaalum lodomercurate Solution. — Pemot* determined 
the solubihty isotherms of the system Hgl| 4* KI in water at diflerent 
temperatures. The proportions of the tw*o iodides used are approximately 
those of a saturated solution of Hgit. KI. H,0 at 20® C. and, indeed, oim 
solution contains some characteristic crystals of this complex, although it 
goes without saying that these crystals may difier from the complex 
anions existing in solution. 

Composition : KI 9*25 gm. Density : dj® 3*16. 

Hgl» 1275 gm. 

H|0 3*00 gm. 

‘ A. Cornu and A. Poticr, Comptes rend,, 1886. loa, 385. 

* O. ScbOnrock, Z, physik. Chem., 1893, 782. 

* L. R. Ingersoll, J, Opt, Soc. Am,, 1922. 663. 

* F. Gallais. Con^s rend., 1935» 836 ; 193b. aoa. 54, 

* R. Lucas and F. Gallais, Compies rend,, 193^. 303^ 129. 

* MUe. M. Pemot, ibid,, 1927, 185, 950. 
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Saturated Solution of Potassium lodobismuthates. — ^DelwauUe ^ 
worked out the solubility isotherms of the system Bil, + KI in water. 
The proportions of the two iodides used are aOTroximately those of a 
saturated solution of the two salts Bil», KI, HjO and Bil,, 2KI. H,0 ; 
this will deposit one or other of these salts as the proportion of alkali 
iodide is slightly diminished or increased. We extrapolated for the 
temperature 25® the curves ^ven for 15® and 35®. At the temperature of 
20® at which we worked a fair number of crystals were deposited from the 
solution. 

Composition : KI 5*0 gm. Density : rfj® 2*54. 

Bil, 5-90 gm. 

HjO 2*6 o gm. 

HCl one drop. 

The preparation of the two solutions presents no difficulty ; the iodides 
dissolve readily together in both cases on slightly warming the mixture of 
the three constituents. 


2. Experimental. 

We used for our measurements light from a mercury or cadmium arc 
of wave-length A 0'6438 /i, 0*5780 /*. 0*5461 and 0*4662 fi. The two solu- 
tions being highly coloured (yellow for mercuriiodides and red for bismuthi- 
iodides) and absorbing considerably in the blue and green respectively, we 
examined them in thicknesses of 5 or even 1*07 mm. The two vessels were 
placed between the poles of an electromagnet w'hich, with a current of 
14 amps, had a magnetic field of about 14.600 gauss per cm. The analyser 
permitted accurate measurement to one-hundredth of a degree ; but, if 
the double rotation observed for the solutions varied from 19 to 51®, the 
results obtained with water are much less pronounced — 3*33® for a thickness 
of 5 mm,, and 0*79® for 1*07 mm. so that, specially in the latter case, the 
Verdet constants are only known to within 2 or 3 per cent, in relative 
values. The results are ^own in Table I. It will be seen that by using 

TABLE I. 


i 

WavdcngUi (in 

Double Rotatioo, Observed for a Magneto* 
Optical Field of 

! Verdet Constant at so*. 

I_ .. 

1546 gauss/cQL 

7345*5 gauss/cm. 

Observed. 

Related to 


(x’07 mm.). 

(5 mm.). 

that of Water. 


A. Potanltim lodolilnnutiuitea. 


0*6438 (red) 1 

1 — 1 

1 51 •*8" 

( 0*209 

! 28*3 

0*5780 (yellow) 1 

I r 9 -« 9 “ 1 — 

B. Potanliim lodomercuratv. 

I 0-386 1 


0*6438 (red) 

— 

27*37° 

0*112 

— 

0*5780 (yellow) 

— 

3814* 

0*156 

11*4 

0*5461 (green) 

— 

46*20® 

0*189 

12*3 

0*4662 (blue) 

19*15° 


0*370 

17*7 


the iodobismuthate solution from red to yellow and iodomercurate from 
yellow to blue one can obtain magnetic rotations from 18 to 28 times 
greater than those of water. 


^ Mile. M. L. DelwauUe, Compies tend*, 1934 , >99» 94^* 
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Summary. 

1. Having studied the exceptional magnetic rotatory power of solutions 
of iodomercurates we now put on record the same characteristics of iodo- 
bismuthate solutions. 

2. Solutions of two complexes giving a maximum rotatory power 
were prepared, advantage being taken of the known solubility isotherms of 
the systems Hgl, -f- KI and Bil, -f Kf in water. 

3. Saturated solutions were thus obtained of complex salts having a 
specific rotatory power 18 to 28 times greater than that of water. 

Universiti de Paris ^ 

Ecole Municipale de Physique el Chimie, 
et Institut de Biologie. 


OXIDATION-REDUCTION POTENTIALS IN NON- 
AQUEOUS SOLUTIONS. PART IL 

By J. R. Partington and J. \V. Skeen. 

Received 2 nd Aprils 1936. 

The present communication is an < xtension of the work described in 
Part to other systems and to other solvents such as acetonitrile, 
benzonitrile and acetone. These solvents and pyridine are of interest 
from the point of view of the mechanism of the formation of a potential 
at an oxidation-reduction electrode since they do not ionise to give 
liydrogen or hydroxide ions. 

One series of measurements has been made in anhydrous acetic acid 
and although this solvent ionises to give hydrogen ions, the results are 
nevertheless interesting on account of the investigations of von Hevesy 
and Zechmcister.* They found from measurements with lead acetate 
and lead tetra-acetate in acetic acid with the help of a radio-active indi- 
cator that an electrolytic oxidation can take place through a direct 
transfer of charge. Equimolecular amounts of radio-active plumbic 
acetate and ordinary plumbous acetate (or vice versa) were dissolved in 
acetic acid followed by separation of the two lead salts after a short time. 
A uniform distribution of lead isotopes between the plumbic and plumbous 
compounds was found to occur between the molecules and it was con- 
cluded that a dynamic equilibrium was set up between the plumbic and 
plumbous ions according to the scheme : 

Pb**** + Pb** ^ Pb**** + Pb**. r.a. radio-active, 
r.a. r.a. 

If an electrode is present in the system it could participate in the transfer 
of charges. These authors point out, however, that this is not the only 
mechanism possible, and that electrolytic oxidations or reductions may 
take place in some cases through the participation of the solvent. 

Experimental. 

Preparatioa of Materlale. — (See also Part I.) 

Cnpric Bromide was prepared by treating A.R. copper with a slight 
excess of A.R, bromine in the presence of a little water, as recommended 

^ Partington and Skeen. Tram. Faraday 5 of., 1934. 30, 1062. 

• Von Hevesy and Zechmeister, Z. Elektrockem., 1920, j6, 151. 
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by Richards.* It was kept in a vacuum desiccator over phosphorus 
pentoxide. 

Cuprous Bromide. — A warm dilute solution of cupric bromide, pre- 
pared as above, was reduced by sulphur dioxide. The cuprous bromide 
was kept in the dark in a vacuum desiccator over phosphorus pentoxide. 

Cupric Thiocyanate was obtained by taking a moderately concen- 
trated air-free solution of A.R. potassium thiocyanate acidified with a 
little sulphuric acid and adding immediately the calculated quantity of a 
concentrated air-free solution of A.R. copper sulphate. The black pre- 
cipitate was quickly filtered off, washed with a little air-free water, pressed 
between filter papers and dried in a desiccator over sulphuric acid. 

Cuprous Thiocyanate was prepared by reducing a solution con- 
taining the appropriate amounts of copper sulphate and potassium thio- 
cyanate with sulphur dioxide. 

Lead Tetra-acetate prepared by adding red lead slowly to a mixture 
of acetic acid and acetic anhydride at 55°-65°, was recrystallised from a 
mixture of the acid and anhydride, washed with cold acetic acid and dried 
in a desiccator over sulphuric acid. 

Anhydrous Lead Acetate. — A.R. lead acetate was recrystallised three 
times from conductivity water containing a little acetic acid. The crystals 
were dehydrated by leaving in a vacuum desiccator over phosphorus 
pentoxide. 

Lithium Acetate. — Pure lithium carbonate was treated with a slight 
excess of dilute (i : i) acetic acid. The solution when evaporated set to a 
jelly which crystallised overnight. It was recrystallised twice from re- 
distilled 96 per cent, alcohol, dried at 100°, and kept in a vacuum desiccator 
over phosphorus pentoxide. 

Purification of Solvents. 

Pyridine. — In the purification described in Part 1 ., it is advisable to 
reflux the pyridine with a small quantity of potassium permanganate after 
the initial fractionation. The pyridine was then distilled and the refluxing 
with barium oxide followed as usual.* Commercial barium oxide was 
suitable if the following procedure was adopted. After the initial fractiona- 
tion the pyridine w^as refluxed for six hours with a mixture of barium oxide 
and potassium permanganate. After distillation it was refluxed with a 
fresh quantity of barium oxide. It was then finally fractionated from a 
little barium oxide in an atmosphere of dry nitrogen. 

The procedure of keeping and using the solvents described in Part I. 
was adopted. As the solvents were to be used for solutions of substances 
such as ferrous chloride and cuprous chloride w Iiich are easily oxidised, air 
was prevented from dissolving in the pure .solvent and the last fractionation 
was done in an atmosphere of dry nitrogen. 

Acetonitrile was purified by shaking with half its volume of water 
and then adding solid potassium carbonate until no more dissolved ; after 
separating, the acetonitrile was allowed to stand over a little solid caustic 
potash for a day, then decanted and allowed to stand over calcium chloride 
for a week. After distillation it was allowed to stand over a little phos- 
phorus pentoxide for a day. If the fir.st lot of phosphorus pentoxide 
liquefied it was replaced by some fresh pentoxide until it remained as a 
lumpy white powder. The liquid was then fractionated in an atmosphere 
of dry nitrogen with a 12-pear column using the usual precautions to keep 
out moisture. After standing over some fresh phosphorus pentoxide it was 
again fractionated in an atmosphere of dry nitrogen and the fraction boiling 
at 81 *5® C. at 760 mm. was collected in the stock bottle. The density found 

* Richards, Proc, Amer. Acad., 1890, ag, 206 ; Chem, News, 1891, 63, 20. 

* Mathews and Johnson, J. Physical Chem,, 1917, ai» 294. 
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was AJJ 07767 ± 0*0001. The International Critical Tables (Vol. III., 
p. 28) give = 0*7770.® 

Benzonitrile was steam distilled and the distillate extracted with ether. 
The ethereal layer was washed with dilute caustic soda solution and then 
with dilute sulphuric acid. The product wa.s then allowed to stand over 
calcium chloride for a few days. After removing the ether on a water- 
bath it was fractionated under reduced pressure (b.-pt. 120® C. at 10 cm.) 
using a 25 cm. Hempel column. The middle fraction was left for a day 
over a little phosphorus pentoxide and then again fractionated under 
reduced pressure from a little fresh pentoxide. Nitrogen was used to fill 
the apparatus and also when the pressure was raised. The density found 
was ^ I *0008 ± 0*0001, The value given in the International Critical 
Tables (Vol. III., p. 28) is A^r 1*0005 ^ 0*0003. 

Acetone was dried by means of anhydrous potassium carbonate/* ■* ** ® 
Acetone (Griffin and Tatlock's A.R.) was allowed to stand over potassium 
permanganate for 24 hours with occasional shaking. After distillation it 
was left for a few days with occasional shaking over anhydrous potassium 
carbonate previously dehydrated at 2oo‘'-3oo® C. for several hours. The 
acetone was then fractionated using a 75 cm. Hempel column in dry 
nitrogen, being protected from the atmosphere by calcium chloride and 
soda-lime tubes. This fractionation from potassium carbonate was carried 
out two more times, a good deal of the first and last fractions being 
neglected. The acetone used lx)iled at 50*3® C. at 760 mm. and had a 
density of Ajf - 0 ‘ 7^47 o oooi. Lannung • gives A*?* = 0*7921 ; 
Ajr -- 0*7702, which give by interpolation AJ^ = 0*7841. The inter- 
polated value for 20*^, namely, Aj«" “ 0*7898 agrees fairly well with the 
value of Boll and co-workers • and Price who give 0*7908. The refrac- 
tive index for sodium light was found to be 1*35715 at 25® C. 

Acetic Acid was dehydrated by triacetyl borate. “ Triacetyl borate 
is an excellent dehydrating agent since it reacts with water to yield acetic 
acid and insoluble lx>ric acid : it was prepared according to the directions 
(»f Pictet and Geleznofi.** 

A.K. acetic acid (Griffin and Tatlock) was refluxed with the triacetyl 
borate and then carefully fractionally distilled using a Hemj>el column : 
2 <jt 4 times the amount calculated to react wdth the water present was 
used. The fraction boiling at ii7*<r C. (760 mm.) was collected. Bous- 
held and Lowry *• give the b<nling-point as 117*88" C. ± 0*05® at 760 mm. 
and the freezing-point as i6*6o" C. ± 0*005". Eichelberger and La Mer 
give the freezing- jKhnt as i6*6o" C. i 0*01" The freezing-point of the 
product used was 16*59" C. ± 0 01". 

Apparatus and Procedure. 

To prevent risk of contamination of the solutions by w*ater. in most 
rases a reference electrode w'as used in which the solvent was the same 
on the other side of the cell. Thus the reference electrode, Ag j AgCl 
in pyridine, was used in the cast* of pyridine solutions. In two cases 
(solutions in benzonitrile and acetone) suitable reference electrode solu- 
tions which could be kept for about 3 or 4 weeks could not be found. 

® Timmermans, Sci, Proc, Roy. Dubhn Soc., 1912, 13, 310 ; and others. 

** 13 eU and co-workers, J. Chim, Soc., 1930. 1927- 

’ Walden and Birr, Z. physikal, Chem,, 1931, 153* t, 

• Lannung, ibid,, 1932, 161, 255. 209. 

• Birr, ibid., 1933, 

IH-ice. /. Chem. Soc., 1919, 115* 1116. 

Eichelberger and La Mer, J. Amer. Chem, Soc., 1933, 55, 3633. 

Pictet and Geleznofl, Ber., 1903, 2219. 

Bousiield and Lowry, J, Chem, Soc., 19*1. 99 f * 43 ^- 
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Here it was necessary to refer the potentials to aqueous solutions and the 
non-aqueous solutions and the aqueous potassium chloride bridge solu* 
tion were separated by a ground glass-plug to prevent diffusion. Risk 
of contamination of the non-aqueous solution by water near the electrode 

was slight, the taps being kept closed 
except during actual measurements (Fig. 
3, CeU Ha). 

In measurements using acetic acid as 
solvent, the potentials were referred to 
the aqueous c^omel electrode by a method 
similar to that described by Conant and co- 
workers,'* a saturated solution of lithium 
acetate in acetic acid being used as bridge 
solution to separate the aqueous and non- 
aqueous electrode solutions (Fig. 4, Cell 
Fig. I.— Cell la. HI). 

A modiheation of the cell previously de- 
scribed was used for the pyridine solutions. In this, the connecting tap 
was reversed (Cell la. Fig. i) in order to facilitate the levelling of the 
solutions. 

In certain cases (where the solvent was acetonitrile) the conductivity 
of the solutions was good and the two electrode solutions could be separ- 
ated by a ground-glass plug to prevent diffusion (Cell 1 1 , Fig. 2), 

All solutions were made up by weight in an atmosphere of dry nitrogen 
as previously described. 



As the solutions used, 
however, were so dilute 
that the density did not 
differ much from that of 
the pure solvent, the error 
involved in using the 
latter figure to calculate 
the volume of the solu- 
tion was much less than 
other experimental errors. 
The value of the concen- 
tration w'as only necessary 
in order that a check could 
be kept on the total con- 
centration of the salts 
used. 

Preparation of the 
Electrodes. — In a few 
cells gold as w^ell as plati- 
num electrodes were used. 
Pieces of gold foil approxi- 
mately 2 cm. by I cm. 
w'ere suspended by being 
fused on gold wire. This 
was fused to platinum 
wire sealed into glass 
tubing. Connection w^as 
made by silver wire fused 



Fic. 2.--CeU II. 


to the platinum. 

The o-i.V-calomel electrode had a three-way stopcock to enable fresh 
calomel electrode solution to be run in through the side-arm in place of 


Hall and Conant, /. Atner, Chem. 1927, 49, 3047 ; Conant and 

Werner, ibid.. 1930, 53. 4436. 

Lewis, Brighton and Sebastian, ibid.^ 1917, 39, 2245. 
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two separate stopcocks. The mercurous chloride was made elcctroly- 
tically. The cells were first filled with dry nitrogen. 



Fig. 3. — Cell \\a. 


Cell Ia.~ After connecting the right-hand limb and the outlet tube (C) 
by means of the tap B. 


the solution was forced 
over into the right-hand 
compartment to the 
level marked on the 
outlet tube. The tap 
was then turned round a 
little way and the .small 
amount of liquid in C 
was removed by a roll 
of filter paper. A slight 
pressure w as then estab- 
lished in the left-hand 
limb by commencing to 
force over the other 
solution. On turning 
the tap B so as to 
c onnect this limb and 
the outlet tube, the 
small amount of liquid 
in the bore of the tap 
was blowm into C and 
was then removed by 
filter paper. The left- 
hand limb was then 
filled to the same level 
as the mark on C* The 



excess liquid in C was Fig. a.-^Cell III, 

then removed by a roll 

oi filter paper. The mark on C was $0 arranged that by this means the 
correct amount of solution was run into the electrode vessels. 
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Cell II.— The right-hand limb as far as the ground-glass plug (F) 
was first filled by manipulation of the tap E. The left-hand limb and 
the middle compartment were filled afterwards. Taps D and E were 
kept closed except during measurements. 

Cell Ila, — Saturated potassium chloride solution was put in the right- 
hand limb as far as the ground-glass plug and filling continued as de- 
scribed above. The intermediate apparatus between the actual cell 

and the calomel electrode 
was used to separate the 
saturated and o iN potas- 
sium chloride solutions. 

Cell III. — The ground- 
glass stopper (G) was placed 
tightly in position and the 
saturated potassium chlor- 
ide solution placed in the 
intermediate vessel. The 
solution rose just to the top 
of the stopper. The non- 
aqueous bridge solution 
was then run in through the 
tap H till it just filled the 
tore of the tap J, The 
electrode solution was then 
run in through the tap K. 
The tap J was opened only 
'while measurements were 
being made. 

Limits of 
Accuracy. — 

Readings were 
taken to the 
nearest milli- 
volt in all 
cases except 
the systems 
cupric - cup- 
rous chlorides 
and cupric- 
cuprous bro- 
mides in ace- 
tonitrile where 
they could 
easily be mea- 
sured to a 
tenth of a 
millivolt, even 
when using 

the cell with the ground-glass plug. Actually, the latter s)rstem was 
seldom measured to less than a millivolt, as the potentials varied rapidly. 
The electromotive forces were measured at 25*^ C., the cell being in an air 
thermostat. 

Results. 

Series IV , — Cell la used (Table I., Fig, 5). Equilibrium was established 
almost immediately and the electromotive force remained constant for 
at least an hour — for eight of the cells it remained constant for about 
three hours. It then slowly decreased. 



Fig. 5. — Series IV. 
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TABLE I. 


Cii(CNS), 

+ Pt in pyridine. AgCl in pyridine (0*0244 M.) Ag- 

CuCNS 



2053 

2117 

1886 

15^8 


001359 

0*01213 

0*01000 


0*00055 

0*00489 

0*00265 

0*00205 



0*01541 

0*01815 

0*02202 

0*02386 


0*02 1 61 
0*02391 


0*02222 

0*02242 


0*02196 

0*02304 

0*02467 

0*02591 


00524 

0*1292 

0*2662 

0*4176 

0*6503 

0*9659 

1*440 

2-355 

3*713 

8*302 

11*66 


A solution of cupric bromide in pyridine decomposes and the system 
CuBr,/CuBr could not be 
measured. 

Series — Cell II used 
(Table II., Fig. 6). An 
oxidation - reduction system 
itself was used as a reference 
electrode (shown on the 
right) and the solution was 
stable throughout the whole 
series of measurements. 

Equilibrium was established 
almost immediately; the 
E.M.F., after remaining con- 
stant to within a tenth of a 
milliv'olt for about an hour, 
slowly decreased ; it remained 
constant to within a milli- 
volt for more than 5-6 hours. 

In the cells in w*hich the 




Fig. 6. — Series V. 


concentration of cupric chloride was over 90 per cent.^ how-ever, the E.M.F* 
fell continuously. 

34 * 
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TABLE II. 



CuCl, 

CuCl, (0-03245 M .) 

Pt 

in acetonitrile. 

in acetonitrile. 


CuCl 

CuCl (0-03237 M .) 


Cone. 

CuCl 

(Molar). 

Cone. 

CuCl, 

(Molar). 

Total Cone, 
(about 

0*04 Af.). 

Ratio 
(CuClJ 
(CuCl) * 

Log 

[CuQf] 

Tcscir- 

Per Cent. 
[CuCl,]. 

E.M.F. 

(volt.). 

0-04162 

0*00043 

0*04205 

0-0102 

-1-989 

10 

-0-2285 

0-03944 

0-00212 

0-04156 

00537 

— 1-270 

5*1 

-0-2000 

0-04319 

0*00527 

0-04846 1 

0-1220 

-0*9137 

10*9 

— 0-1740 

0-03391 

0-00868 

0-04259 

0*2560 

-0*5919 

20-4 

-01435 

0-03196 

0-01581 

004777 

0*4947 

-0-3057 

331 

— 0*1090 

0*02639 

0-01786 

004425 

0*6766 

—01 697 

40*4 

— 0*0819 

0-02021 

0*02662 

0-04683 

1*318 

0-1198 

56*9 

0092 1 

0-01409 

0-02928 

004337 

2*077 

0*3175 

67-5 

01631 

0*00808 

0*02853 

0-03661 

3531 

0*5479 

77-9 

0-2056 

0-00410 

0*03016 

0-03426 

i 7*351 

0-8664 

88-0 

1 0-2445 

0*00167 

0*03198 

0-03365 

19-16 

1*282 

i 950 

0-2752 

0*00017 

0-02286 

0-02303 

133*9 

2-127 

99*3 

1 

0-2995 


The effect of dilution on a solution in which the concentration ratio 
was kept constant was measured. 


+ Pt 


Stock Solution. 
Total Concentration 
= 0*06482 M. 

E.M.F. 


Diluted Stock Solution, j 
Total Concentration | Pt — , 

= 0*045483/. j 

2*7 millivolts. 


Further dilution to about 0-022 M. increased the potential to 6-5 milli- 
volts. Thus, the effect produced on the electromotive forces of the cells 
measured by not using solutions of exactly the same total concentration 
throughout was negligible when compared with differences of potential 
produced by variation of the concentration ratio. 

In a few preliminary measurements an attempt was made to use 
the reference electrode copper /copper chloride in acetonitrile as in the 
case of pyridine (Series I). This was discontinued as the green solution 
of cupric chloride in acetonitrile turned brown in about half an hour in 
contact with a copper electrode w^hich was also blackened just as in the 
case of the measurements with p)rridine. 

Series VL Cell II used. 



CuBr, 

CuBr, (0*02427 M.) 

-FPt 

in acetonitrile. 

in acetonitrile. 


CuBr 

CuBr (0*02426 M,) 


Reference Electrode. 


The results obtained were in all cases smaller than the theoretical E.M.F. 
but were usually approximately constant for about three hours. 

Measurements of this series were also made with the reference electrode 


Pt 


CuCl, 

in acetonitrile which was used in the previous series and found 

CuCl 


to be stable. 


Series VIL Cell II used. 
CuBr, 

+Au acetonitrile. 

CuBr 


CuClj (0*023223/.) 

in acetonitrile. 

CuCl (0*022853/.) 

Reference Electrode. 


Pt--. 
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Measurements were made with both platinum and gold electrodes but 
the potentials were not steady. The potential with the gold electrode 
was initially 0*05 volt more negative than that with the platinum, but this 
difference fell to 3 to 10 millivolts after about three hours. Addition 
of a little cupric chloride as a potential mediator had no effect. Changes 
of colour in the solutions in all cases indicated decomposition. 

Series VI IL Cell lla used. 


Q 


-rPt in benzonitrile. Satd.aq, KCl. Aqueous o*i.V calomel. Hg,— . 

I FcCl, 

Difficulty was experienced in getting the ferrous chloride to dissolve. 
Owing to this, and also 

to the fact that ex- 1 I | TJ 

tremcly dilute solutions Q jj > ^ 

had to be used, the / 

values obtained w'ere (?-6< ^ 

probably not equili- ^ 

brium values, although QJO 

in nearly every case the v 

potential remained con- 

sUint for al)out an hour. 

The solubility of cu- 2^5 

pric chloride appeared a 

to Ik* t(x> small to allow > 

measurement of the ^ - r 

system CuCl j /CuC I to l)e 

made. ^ 

.Mthough lK»th ferric ^ — — — — '77^ — ZZ — — 71 — 7 

and ferrous chlorides In in ^ 

are soluble in acetroni- 60 40 K Q 

trile no mea- 
surements 
could be 
in a de with 
this t)air of 
salts as a 
solution of 
the tw'o de- 
co m p o s e d 
within an 
hour. 

Series IX, 

C ell lia used 
(Table I IT., 

Fig. 7). Al- 
though the 
solutions 
were made 

up just be- - to 0 $ O'A 04 Ot 0 O M 0-4 06 Ot 10 fZ 

fore the cell ^ — Series IX. 

was filled 

they gradually decomposed during the measurement, so that the values 
given can be regarded as approximate only. Reference electrodes using 
acetone as solvent : 

^ Ag/AgCl (s), saturated Lid in acetone, 

and Hg/Hg,Clg (s), saturated LiCl in acetone. 

were not used, since (i) solutions of ferric chloride and lithium chloride 
in acetone react to give an orange precipitate ; (2) mercurous chloride in 



- f.g f.Q 0 $ O'O 04 OZ 0 OZ 04 06 Oi 10 1Z 

Fig. 7. — Series IX. 
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TABLE III. 


+Pt 

FeCla 

in acetone. 

FeCl, 

Satd. aq. KCl. 

Aqueous o*i A’’ calomel. 

He -. 

Cone. 

FeCl, 

(Molar). 

Cone, 

Fea, 

(Molar). 

Total Cone, 
(about 
0-04 Af .). 

Ratio 

CFeCl,3 

FRcQ- 

Log 

[FeCl.] 

Per Cent. 
[Fed.]. 

E.M.F. 

(volt). 

0*03246 


0*00493 

0*03739 

0*1519 


— 0*8185 

13*2 

0*055 

0*03067 


0*01320 

0*04387 

0*4302 


—0*3664 

30*1 

0*200 

0*02256 


0*02032 

0*04288 

0*9008 


-00454 

47*4 

0*392 

0*01494 


0*03096 

0*04590 

2-073 


0*3167 

b 7*5 

0*533 

0*00402 


0*03628 

0*04030 

9*021 


09552 

90*0 

0*788 


a solution of lithium chloride in acetone reacts to give a grey product ; 
(3) the process of solution in non-aqueous solutions is sometimes slow and 

so saturation might 
not always be ob- 
tained if fresh solu- 
tions were to ho made 
up for each cell. 

Series X, Cell III 
used (Table IV., Fig. 
8). The potentials 
with the platinum 
electrodes were not 
very definite : the 
potential increased 
rapidly for about 
one to two hours to 
the value given, then 
remained constant 
for about half an 
0 20 40 60 90ffF6(CH^C00)^ J hour, and afterwards 

60 40 60 slowly increased. 

oF/atinum, The potential at the 
O GoU. gold electrode re- 
mained prac- 
tically con- 
stant for 
about two to 
three hours 
after only a 
small i n- 
crease. 

Some pla- 
tinum elec- 
trodes gave 
unreliable re- 
sults New 
platinum foil 
gave results 
similar to old 

S ieces which 
ad been used 
Several times. 

Electrodes washed in alcohol and heated in a flame nearly always gave 



12 10 0 $ 04 0-4 02 0 02 04 04 04 tO 12 ^ 

Fig. 8. — Series X. 
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TABLE IV. 




Pt 

Au 


Pb(CH,COO)4 

in acetic acid. 

Pb(CH,COO)a 


Saturated 


CHjCOOLi 
in acetic acid. 


Satd. 
aq. KCl. 


Aqueous 
0*1 N 
calomel. 


Hg~. 


i 

s|l 

i 

Bii 

Total Cone. 

(about 

0 04 M .). 

8 

‘i 

s 5 

1 

X 

u 

i 

5 

si 

13 

? 

U 

•• 

X 

u 

A 

J 

•Si 

E.M.F. 

(Platinum). 

E.M.F. 

(Gold). 

0-03713 

0-00167 

003880 

00449 

“* 1*3477 

4*3 

0-688 

__ 

0*03183 

0-00413 

003596 

0*1299 

-^-0*8863 

11*5 

0-727 

— 

0*03091 

0-00629 

0-03720 

0-2035 

-0*6915 

1 6*9 

0*755 

— 

0-02638 

0-00853 

0-03491 

0323.3 

-0-4904 

24-4 

0-790 

0-874 

0-02861 

0-00949 

0038 10 

o- 33 J« 

-0*4792 

24*9 

0*790 

— 

002458 

0-01473 

0-03931 

0-5991 

— 0*2225 

37*5 

0*813 

— 

001838 

0-01824 

0-03662 

0-9920 

-0*0035 

49*8 

0-835 

— 

0-01808 

001797 1 

O03O05 

0-9942 

— 00025 

49*9 

0-825 

0-888 

0-01471 

0-02171 I 

0-03642 

1-476 

0-1 692 

59*6 

0-835 

— 

0-01164 

0-02165 

003329 

i-8(X) 

o-2Ck>6 

65-0 

0-845 

0*916 

0-01132 ' 

0-02^K)7 i 

0-03829 

2 383 

0*3772 

70-4 

0*865 

— 

0-00879 

0-02645 1 

003523 

3010 

0-4786 

7.V1 

o-88o 

— 

0-00546 

0-03207 

003753 

5-808 

0-7685 

85-4 

0-920 

— 

0*001^) 

0*03495 

003675 

19-40 

1-2877 

95-1 

0-973 

~~ 


indefinite results. The gold electrode was least affected by washing with 
alcohol and heating in a ffanie. 

In order to compare some of the results with those of Abegg and 
Neustadt,** in two other cases, namely, the systems CuCl,/CuCl in aceto- 
nitrile and CufCNS),/CuCNS in pyridine, the potentials were referred to 
aqueous solutions using the same method as employed in series VIII. 
and IX. (Ceil I la). The first cell measured was ([CuCl,]/[CuCl] = i) : 




CuCl , 
CuCl 


; ^ I 

in acetonitrile. \ 1 Aqueous O’l.V. calomel 


£ 


1 KCl. 

- ^t-r e. 


Hg~. 


0*565 volt. 


Taking r, === 0-333 (value for o-i*V calomel at 25"^ C., the liquid junction 
potential l>etween the saturateil and o iN potassium chloride solutions 
Ixiing negligibly small) and neglecting the liquid junction potential between 
the aqueous and non-aqueous solutions, we find : 




i 


[CuCl,] 

[CuCl] 


T log. == 


o • t [CuCl,] 

£« «= 0*898, since log — o. 

Cu**~Co* 


This is the vtiluc of the normal oxidation-reduction potential of the system 
CuCl, /CuCl in acetonitrile if we assume the liquid junction potential is 
negligible and the ratio of the activities of the cupric and cuprous ions 
is equal to the ratio of the concentrations of the salts. 


Abegg and Neustadt, Z. Elektrochem., 1909, 15, 264. 
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The other cell measured ([Cu(CNS) J/[CuCNS] = i) was : 


+Pt 


Cu{CNS), 

in pyridine. 

CuCNS 


Satd. Aq. KCl. 


Aqueous o^l N 
calomel. 


Hg-. 


Whence 


£ = -f = 0*050. 


E, = 0-383. 
C ••-Cu* 


This is close to Abegg and Neustadt's value of 0*37 volt for the S3rstem 
CuCl,/CuCl in p>Tidine, although the agreement is fortuitous. Thus, the 
value of Eo for the system CuCl,/CuCl in pyridine, although it has not 
been measured in the present research, is on the assumptions made above 
about 0*28 volt, about o-io volt less than that of the Cu(CNS), /CuCNS 
system. The reference electrodes in the two series were nearly the same 
and the electromotive forces of the former were found to be about o*io 
volt less than those of the second system. These various values differ 
considerably from the value of Eo for aqueous solutions, namely o*i6 volt. 

Abegg and Neustadt's conclusion that the normal oxidation-reduction 
potential was the same in pyridine as in water does not seem to be correct. 
Some of the difference may be accounted for by the different degrees of 
dissociation of the salts in the non-aqueous solutions and also by some 
error probably made in neglecting the liquid junction potential. 

The following approximate solubilities at 25^^ C. were determined to 
complete the data on the solubilities of the salts employed. 

Pyridine. Cupric thiocyanate, 0 0453/. Cuprous thiocyanate con- 
tains more than 20 gms. per litre. 

Benzonitrile. Anhydrous ferrous chloride, 0*01 23 /. 

Acetone. Anhydrous ferrous chloride, 014731. Potassium ferricyanide 
is insoluble.^’ 

Acetic acid. Lead tetra-acetate, 0*0753/. Anhydrous lead acetate, 
2*033/. Lithium acetate approximately 1*833/. 


Discussion. 


The electromotive force of the cell : 


Pt 


Oxidised form 
Reduced form 


Reference Electrode, 


can be expressed by the equation (Peters’ formula) : 

r __ r / . [Oxidised form] 

nF [Reduced form] 

£0' is a constant which includes the potential of the reference electrode, 
the liquid junction potential (assumed to remain constant), and the 
normal oxidation-reduction potential of the system. On the assumption 
that the ratio of the activities of the ions of oxidised and reduced forms 
is equal to the ratio of the concentrations of oxidised and reduced salts, 
the logarithm of this ratio (as abcissa) plotted against E (as ordinate) 
should approximate to a straight line. When the potentials were definite 
the only exception found w^as the system CuClJCuCl in acetonitrile. 


Cf. Naumann, Ber., 1904, 37, 4328. 
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E has also been plotted against the percentage concentration of the 
oxidised form. When due regard is had to the approximate assumptions 
involved in the equation, the agreement with similar curves for aqueous 
solutions is very good, especially in series IV. in which pyridine was the 
solvent. Series VIII. showed qualitative agreement with the equation, 
but owing to the small solubility of the ferrous chloride the lower part 
of the curve was not very definite. The solutions of ferric and ferrous 
chloride in acetone (Series IX.) were unstable but qualitative agreement 
with the formula is shown although the differences in the potentiab 
obtained by varying the concentration ratio are much greater than those 
predicted by theory. Series X. shows good agreement with the oxida- 
tion*reduction equation. 

The curves obtained with the cupric-cuprous chloride system in 
acetonitrile (Series V.) arc peculiar. Both curves are fairly symmetrical 
about the point 50 per cent. [CuCl,] — 50 per cent. [CuCl], and the one 
obtained by plotting E against the percentage concentration of cupric 
chloride can be considered to be made up of two separate oxidation* 
reduction curves, one lying between 0—50 per cent. [CuCljJ and the 
other between 50 — 100 per cent. [CuCl^j. The shape of the curve 
seems to indicate the formation of a compound (or complex ion) from one 
molecule (or ion) of cupric chloride and one molecule (or ion) of cuprous 
chloride. A solution of cupric chloride in acetonitrile is pale green and a 
solution of cuprous chloride is practically colourless or very pale amber, 
whereas a solution of the two is brown, the colour being deepest when 
they are present in equimolecular proportions. This compound has been 
reported to be doubtfully present in various solutions.^® 

If this compound exists in the solutions in acetonitrile, there will be 
oxidation-reduction reactions between it and the simple salts. If the 
salt present in concentration lower then 50 per cent, combines completely 
with an equal number of molecules of the salt present in the higher con- 
centration, then in such a solution there will really be the same number 
of molecules of complex as there were originally of salt in the lower con- 
centration, and the excess of the other salt molecules. 

Let the solution contain x per cent, of the oxidised form (CuClj) and 
(100 — x) per cent, of tlie reduced form (CuCI). Two cases must be 
considered, viz, (i) (lOO ~~ x)> x, and ( 2 ) x > (lOO — x). 

In case (i) the cuprous salt will be in excess. There will be (lOO — 2 x) 
per cent. CuCI left, .since approximately x per cent, has combined with 
the X per cent, of CuClj to form x per cent, of complex, and there will be 
practically no CuCI, left. In case (2) practically all the (lOO ~ x) percent. 
CuCI will combine sith an c<iual amount of CuCI, to form approximately 
(100 — a:) per cent, of complex, and there will be {x — (100 — x)} = 
(2 a — 100) per cent. CuCI, left. If the complex ion is assumed to be 
Cu,***, the charge difference as compared with Cu,’* and 2Cu** is in each 
case unity (y 1). 

Thus, in the range 0 — 5c^ per cent. [CuCI,], we have an oxidation- 
reduction relation between the cuprous salt and the complex, the latter 
giving the higher valency ion, and in the range 50 — lOO per cent. 
[CuCI,] one between the complex and the cupric salt in which the latter 
now gives the higher valency ion. The normal oxidation-reduction 
potential of the latter system must be greater than that of the former to 
give the correct shape of the curve. 

Kohlschatter, ibid,. 1904, 37, 1153. 
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Case (i) 
or 

Case (2). 


'RT 

^ = ^0 + ^ log. 


[Oxidised form] 
[Reduced form]* 


£' = £V + ^log. 


X 

(100 — 2xy 


+ V log 


X 

(100 — 2a;) 


where a and b are constants. 


= a" + log 


{ 2 X — 100) 

(100 — x) * 


The values of a and b were found by taking two points on the curve 
(marked by asterisks in the table) and the equation checked with other 
points. The agreement is fairly good (Table V.). 


TABLE V. 


0 — 50 per cent. [CuClJ. 


£' = — 0116 -i- 0 0694 Jog 


(100 — 2jr)’ 


50 — 100 per cent. [CuClJ, 

, , izx — 100) 

— /^.Tcr _2_ irxer 1 ' 


E" = 0*155 "f 0*120 log 


(100 — x) 



The results cannot be easily explained as entirely due to the effect 
of dilution on the dissociation of the two simple salts. 

Thus, at the point lO per cent. [Cud,], let a'jo be the degree of dis- 
sociation of the CuCl, of concentration and a',© degree of dis- 
sociation of the CuCI of concentration 

Similarly at the point 90 per cent. jCuCl,], let be the degree of 
dissociation of the CuCl, of concentration and a\o the degree of dis- 
sociation of the CuCl of concentration 

Then = _ 0-179 = £'0+^ log. 

and £,0 = 0-252 = £'o + ^ log. 

Whence = 2-41 X 10® 

* 10/ * » 

Suppose on dilution from 90 per cent, to 10 per cent. {c\^ — r',®) the 
degree of dissociation of the CuCl, (a',, — «'io) « affected to approxi- 
mately the same extent as that of the CuCl (a*,, — «’i«) on dilution from 
90 per cent, to 10 per cent. (c'„ — c*,o)i then the above ratio indicates 
that dilution of the CuCl, and also of the CuCl approximately 9 times 
over similar concentration ranges would decrease the degree of dis- 
sociation of each by approximately 500 times. 













J. R. PARTINGTON AND J. W. SKEEN 989 

Summary. 

Peters* formula can be applied quantitatively to several oxidation- 
reduction systems in stable non-aqueous solutions : in a few cases unknown 
complex formation may occur giving potentials which do not agree 
directly with the equation but are definite, reproducible, and appear to 
follow a modified form of the equation. In certain cases indehnite poten- 
tials are given at unattackable electrodes. 

The authors express their thanks to the Chemical Society for a grant, 
and one of them (J. W. S.) is indebted to the Department of Scientific 
and Industrial Research for a maintenance allowance. 

Chemistry Department, 

Queen Mary College [University of London). 


THE MECHANISM OF ELECTROLYTIC PRO- 
CESSES. PART III.— IRREVERSIBLE RE- 
DUCTIONS. 

By W. M. Leslie and J. A. V. Butler. 

Received 6 th March, 1936. 

Irreversible electrolytic reductions have usually been regarded as 
secondary reactions between the depolariser and the hydrogen formed at 
the cathode, but a great variety of behaviour has been found in the 
numerous investigations which have been made, and it is evident that 
many of the operative factors are at present unknown. Thus, some 
substances are reduced only at high overvoltage cathodes and others 
require low overvoltage cathodes, while in some cases specific effects 
occur which have been regarded as due to the catalytic action of the 
metal on the reaction. 

The object of the work described here was to attempt to distinguish 
and identify some of these factors. In general, there arc three principal 
methods by which reduction might be effected : 

(1) by the direct transfer of electrons from the electrode to de- 
polariser ; 

(2) by reaction between the depolariser and free (atomic) hydrogen ; 

(3) by reaction between the depolariser and adsorbed hydrogen. 

In order to distinguish these cases it is necessary in the first place to 
know in what state hydrogen is formed at the electrode. Two distinct 
types of mechanism for the discharge of hydrogen ions have been proposed : 

(4^) The primary act is the transfer of electrons from the electrode to 
hydrogen ions in the solution [e,g. Gurney's theory).^ As Gurney has 
pointed out, this mechanism is essentially irreversible. 

[B) The primarj’^ act is Uie transfer of hydrogen ions from the solution 
to adsorption places on the electrode, followed by their evaporation as 
molecular pairs from the surface,* viz . : 

(ads.) ^ H,. 

I Gurney. Proc. Jtoy. Soc., A, 1931. 134, 137. 

iTumkin, Acta physicochemica, V.S.SM,, 1935. 505 Polanyi and Horiuti. 

^ phystkai: Ckem., A. 1933, i^» 
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When the metal surface is also in adsorptive equilibrium with the 
hydrogen atmosphere this process is completely reversible. 

We shall take the view, which will be supported in detail in another 
publication, that at high overvoltage (irreversible) electrodes the process 
which occurs is of type A, while that at reversible electrodes (platinised 
or activated platinum, etc.) is of type B. With some metals of low 
overvoltage, both processes may contribute to the current. 

It is probable that adsorbed hydrogen is present on the surface of the 
metal in both cases, the essential difference between electrodes of the 
two types being in the rate of desorption. For adsorbed hydrogen can 
be liberated, on account of its lower potential energy, at a less negative 
potential than is required by Gurney’s mechanism ; hence, when a 
current is passed it is to be expected that adsorbed hydrogen will first be 
liberated. 

The amount of adsorbed hydrogen will continue to increase until 
either the rate of desorption is equal to its rate of formation, when an 
equilibrium state will be established and hydrogen will continue to be 
liberated by mechanism B, or if the rate of desorption is insufficient the 
surface will become saturated and the potential will rise to the point at 
which process A can take place. Although it is easy to demonstrate the 
formation of adsorbed oxygen prior to the establishment of the oxygen 
overvoltage, the formation of adsorbed hydrogen at metals of high over- 
voltage has not been experimentally demonstrated, but it i.s clearly a 
possibility which must be taken into account. 

On these views, it follows that little or no atomic hydrogen is formed 
at reversible electrodes, and only those reductions can be brought about 
which are effected by adsorbed hydrogen. At high overvoltage elec- 
trodes, the reductions might be effected either by free or adsorbed 
hydrogen. But if the reaction is a purely secondary one between free 
hydrogen and the reducible substance, in the absence of disturbing 
factors the potential of the electrode will be that at which hydrogen is 
normally liberated in the absence of the substance. But if the substance 
is adsorbed on the electrode surface, the effective area of the latter may 
be reduced and the potential thereby displaced in the negative direction. 
If the reduction occurs at potentials below^ the hydrogen overvoltage, 
the process may be effected by either adsorbed hydrogen or by direct 
electron transfer. 

It has frequently been stated that the energy of the liberated hydrogen 
is greater, the greater the overvoltage at which it is produced. This is 
only true in the limited sense that free atomic hydrogen has a greater 
potential energy than adsorbed hydrogen, but in a series of high over- 
voltage metals it does not appear to be necessary that the potential 
energy of the hydrogen should be greater the greater the overvoltage, 
for the latter is the potential difference which is required to raise the 
electron levels of the metals by a sufficient amount to enable the transfer 
to take place. It is probable also that adsorbed hydrogen at reversible 
electrodes is in a more reactive condition than that at inert electrodes 
at which the rate of desorption is slow. 

These distinctions are supported by a broad survey of the facts. 
Difficulty reducible compounds require a high overvoltage cathode, 
they are effected by atomic hydrogen. The reduction of unsaturated 
compounds, on the other hand, is usually more readily brought about at 
platinised and similar electrodes. For example, the reduction of cin- 
namic acid is small at a bright platinum electrode, but occurs readily at 
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electrodes coated with nickel or palladium black. This is evidently a 
case of reaction with adsorbed hydrogen, and it would appear that it 
only differs from the catalytic hydrogenation in that the hydrogen is 
produced on the electrode surface. 

Experimental. 

These experiments were designed to give illustrative examples of the 
various types of reduction processes, ^me of the cases chosen have 
already been extensively investigated, but the earlier workers were usually 
more interested in the products of the electrolysis than the conditions and 
in many cases very little information is available as to the potentials at 
which the reduction takes place. 

The experimental arrangements were similar to those described in 
Part II.* The solutions were freed from oxygen by bubbling a stream of 
purified nitrogen or hydrogen. With mercury electrodes it was found that 
erratic oscillations of the potential occurred unless hydrogen was used and 
the electrode given a short cathodic polarisation during the introduction of 
the .solution to the cell. The electrodes used had an approximate apparent 
area of 2 cm * The lead was A.R. (As free) quality, and fresh electrodes 
were prepared for each set of experiments. The standard electrode was 
mercurous sulphate in N sodium sulphate (E* -- -f- 0-67). In this paper 
the }X)tentials have been converted to the hydrogen scale. 

Acetone. — Elhs and Brand * found that acetone w'as reduced at a 
lead cathode, the reduction products being mainly isopropyl alcohol and 
pinacol. I'nder certain conditions, and particularly at cadmium elec- 
trodes, propane and metal alkyls can lx? formed.* Hibbert and Read • 
found that the lowering of the cathodic |X)tential produced by acetone was 
about 0 05 volt. Experiments were made with lead electrodes on M ! 10 
acetone in M f 10 sulphuric acid, and it was found that the current-potential 
curve (taken from i 20 to 5200 x 10 amps.) was practically un- 
aitected by the addition of acetone, the depression of the potential amount- 
ing at most to 4 millivolts. The reduction of acetone at this electrode is 
iluis a purely secondary process, and is to be regarded as a reaction with 
atomic hydrogen. The low efficiency of the reduction • and the nature of 
the products aire in agret*ment with this view. 

Sodium Formate. — .\t a lead electrode in alkaline solution containing 
M /loo formate there was no essential displacement of the current-potential 
curve, even with very small current, at first, and no sign of concentration 
jx>lari.satiim. That reduction occurred was shown by the formation of a 
white film (probably paraformaldehyde) on the surface of the electrode, 
which in successive runs caused the jxitential to be displaced towards more 
positive values. 'Fhis reduction is therefore probably also a secondary 
reaction with atomic hydrogen. Owing to the film formation it was not 
studied in detail. 

Pyridine is readily reduced to pipcruline in acid .solutions at lead and 
mercury cathodes.* The addition of hydrogen carriers which are effective 
in other reductions has no effect, but it has been found that the presence 
of colloidal platinum, prepared by Bredig’s method and the addition of a 
small percentage of palladium chloride reduced the current-efficiency at 
mercury from 40 to 8 per cent.* 

It was found that at a mercury cathode the current-potential cur\’e 
(taken from i 13 to 1200 .x 10 amps.) was scarcely affected by the 

® Butler and Leslie, tliis vol.. p. 435. 

* Elbs and Brand, Z. EUkirochem., 1902. 8, 783. 

* Tidcl and Schepps, ibid,, 1911. 17, 972. 

* Hibbert and Head. /. Amer. Chew. Sac., 1924, 46, 983. 

* Ahrens, Z. BUktrochem., 1895. 577‘ 

* Zappi, Anal. sac. quim, Argentina, 19*5. 3» 483- 
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presence of pyridine (M/io), so that this reduction is also a secondary' one 
produced by atomic hydrogen. The observations quoted above indicate 
that the reduction is not brought about by adsorbed hydrogen for the 
effect of colloidal platinum and the deposition of palladium is to produce 
an adsorbent surface. 

An interesting and novel phenomenon was observed with bright 
platinum electrodes. Fig. i shows the current-potential curves obtained 
with various concentrations of pyridine in JVf/io sulphuric acid. Even 



Fig. I. — Current-potential curves for pyridine in M/io H,S04 at Pt cathode, 
(i) H2SO4 alone; (2) -f M/10,000 ; (3) -f M/iooo ; (4) -f- M/ioo ; 

(5; M/io pyridine. 


very small concentrations of pyridine cause a displacement of the whole 
curve in the negative direction. This is apparently due to the electro- 
capillary adsorption of the pyridine on the electrode. No adsorption 
occurs at mercury, but the potential in this case is considerably more 
negative than at platinum, and it is known that capillary active substan^s 
which are adsorb^ on mercury in the neighbourhood of the ** null ’* point 
are almost completely displaced from the surface at more negative 
potentials. ® 


® Butler, Proc. Roy. Soc., A, 1929, laj, 399. 


W. M. LESLIE AND J. A. V. BUTLER 


993 


Nitrobenzene. — The reduction of nitrobenzene has been extensively 
studied by Haber and Russ and the former showed that the main 
reaction occurs in the following successive stages : 

C.HjNO, -H. C,H,KO C,H»NHOH -v 

Under appropriate conditions side reactions between these intermediates 
may give rise to azoxybenzene, hydrazobenzene or azobenzene. The 
reduction takes place at a considerably more positive potential than that 
at which hydrogen is liberated in the absence of nitro-benzene. Russ “ 
investigated the dependence of the potential on the current and concen- 
tration of nitrobenzene and his results are referred to in the discussion. 



I'lG. 2{a). — Current'potential curves for nitrobenzene in M/io H,S04 ; mercurj' 

cathode. 

Russ’s measurements w^ere made with comparatively concentrated 
solutions of nitrobenzene in alcoholic solution and in the range of currents 
used showr no transition to a higher potential. When dilute aqueous solu- 
tions are used there is a transition current above w’hich the potential rises 
to the neighbourhood of the hydrogen overvoltage. Fig. 2(a) showrs some 
current-potential curves obtained in M/io sulphuric acid with a mercury 
cathode. It has been suggested * • that in the case of irreversible reductions 
the transition is not due to the depletion of the depolariser at the electrode, 

Haber. Z, EUktfockem., 1806, 4, 506 ; Z. phvsikaL Chem,, 1900, jj, 271. 

» Russ, ibid.. 1903. 44. 641 

^•C/. Glasstone and Htckling's Electrolytic Oxidation and Reduction. 1935, 
P. 192. 



994 -'HE MECHANISM OF ELECTROLYTIC PROCESSES 


is 

^ 30 \ 


but to the slowness of the reaction between hydrogen and the depolariser 
(i.e, there is a maximum rate of the reaction for a given concentration of 

the depolariser, and 
if the current exceeds 
this value, hydrogen 
accumulates at the 
electrode and causes 
the potential to rise 
to the potential at 
which it is liberated). 
It has been shown 
that the transition 
current is not a very 
precise quantity and 
more exact informa- 
tion is obtained from 
the potential-time 
curves with constant 
currents (Fig. 2 (h)). 
These showed transi- 
tions of exactly the 
same type as those 
obtained in the re- 
versible reduction of 
hydroquinone, etc., 
and Fig. 3 shows 
that they obey the 


I 



- / £ 3 4 5 6 •/ 6 9 


Fig. 


2(6). — Time-potential 
(M/200), in M/io H2SO4, 
in micro-amps. 


curves for nitrobenzene 
Numbers refer to current 


relation ii == lof 4* a (where i is the transition time and and a are con- 
stants), which has been found to hold for numerous cases in which the 



Fig. 3. — Effect of concentration of nitrobenzene on the length of the cathodic 
break, (i) M/400 ; (2) M/200 ; (3) M/ioo. 

transition is undoubtedly due to concentration polarisation. The 
constants and a, given in Table I., arc approximately proportional to 

Armstrong and Butler, Proc. Roy. Soc,, A, 1933, *39» 4®^* 
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the concentration of nitrobenzene. The transition in this case is thus 
probably due to the depletion of the depolariser at the electrode. 

It is also to be observed 

that neither the current- TABLE I.— -Values of and a in 
potential nor the time-poten- / ^ a for Aqueous Solutions of Xitro- 

tial curves show any signs of benzene, {c, concentration in Mols./ 

consecutive proces.9es, which litre ; a in Coulombs x i'o in 

would be the case if any of Amps, x io“*.) 


the primary products of the 

c * 

< x . 


reduction were reduced at a 

0*01 

6*2 

810 

more negative potential than 

0-005 

30 

3S0 

nitrobenzene. Haber has 

0-0025 

1*5 

190 


shown that it i.s possible by 

controlling the potential of the electrode to obtain different reduction 
products. It is unlikely that this is a direct result of the variation of the 



06 ofoio s 10 I t H -0^0/ as OS i o 11 


Kui. 4. — Benzaldehyde at mercury cathode, (a) Current-potential curves : (i) 
M/io H,S04 alone ; (2) -f M/50 . CHO ; (3) -f M/ioo C^Hg • CHO, (b) 

Time-potential curves of M/ioo C,Hg . CHO, Numbers refer to current 
in micro-amps. 

potential, although it may arise from secondary effects. For example, 
if the current employed is above the transition value, so that the potential 
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is near the hydrogen over-voltage, reduction by atomic hydrogen may 
occur, for the depolariser will still reach the electrode at the maximum 
rate of diffusion and may when reduced in this way give rise to different 
products than those at the lower potential. 

Benzaldehyde. — ^The reduction of benzaldehyde also takes place at 
more positive potentials than the hydrogen overvoltage, but the displace- 
ment at mercury is comparatively small. Fig. 4(a) shows the current- 
potential curves of solutions in M /lo sulphuric acid with a mercury elec- 
trode. These show a transition, the upper part of the curve being on the 
right of the hydrogen overvoltage line. This indicates the adsorption of 
the reduction products on the surface. Notwithstanding the small rise of 
potential-time curves, examples of which are whown in Fig, 4(6) show a 
well-defined transition, and the transition times for a given solution are 
related to the current by it = i'of + a, but in this case the constants and 
a were found to be not proportional to the concentration. 


Discussion. 

The following cases have been observed : (l) the potential at which 
electrolysis takes place is unaffected by the reducible substance (acetone 
and sodium formate at lead, pyridine at mercury) ; (2) electrolysis occurs 
at potentials more positive than those required for the liberation of 
hydrogen in the absence of the depolariser (nitrobenzene and benzalde- 
hyde at mercury) ; (3) the substance causes a displacement of the 
potential in the negative direction. In (l) the process is evidently a 
purely secondary reaction of the reducible substance with free atomic 
hydrogen. In (2) there are two possibilities, {a) reaction of the de- 
polariser with adsorbed hydrogen, (^) reduction by the direct transfer of 
electrons from the electrode to the depolariser. It does not appear to 
be possible at present to make a definite decision between these two modes. 

In the theory of electrolytic reduction proposed by Haber and Russ,'* 
which was designed to account for cases of this kind, it was supposed 
that the depolariser reduced the effective concentration of hydrogen at 
the electrode and thereby depressed the potential in accordance with 
the equation 

£ = £* + -j- log . . . . (I) 


where \H] is the effective concentration of (at::mic) hydrogen at the 
electrode. The concentration of hydrogen is determined by equilibrium 
between its rate of formation (t) and its rate of reaction with the de- 
polariser D, which taking the stoichiometrical equation of the reaction 
as D + nH DHn was assumed to be ife[£)] [//]". Hence 


^ , RT, k[D][H^] 


Haber and Russ found that the variations of E with the concentration 
of the depolariser and with the current (i) was reasonably in accordance 
with an expression of the type 

£ = £“ + * log 


Law, /. C*«m. 5 ot.. 1906, 89, 151a ; 1907,91,748; 1911,99, 
Loc. cit., ref. (ii) ; Haber and Russ, 1904. 47, 257 



W. M. LESLIE AND J. A. V. BUTLER 


997 


when X has values which are closer to that required for n == i than for 
the stoichiometrical value of w. For example, in the reduction of nitro- 
benzene in alkaline solutions at platinum, gold and silver, x varied from 
0*048 to 0*054, and in acid solutions at platinum and gold from 0*053 to 


0*075. 

Haber and Russ’s derivation assumes that the electrode functions as 
a reversible hydrogen electrode which is certainly incorrect with ordinary 
smooth electrodes.^® Now, as has been pointed out, it is possible that 
adsorbed hydrogen may be formed at potentials below the normal over- 
voltage which might react with the dcpolariser in this way, but at an 
irreversible electrode the potential would not be related to the amount 
of adsorbed hydrogen by a relation like (i). It is therefore very doubtful 
whether the Haber and Russ relation would be obtained at an irreversible 
electrode even if the reduction took place by the formation of adsorbed 
hydrogen below the normal overvoltage and its reaction with the 
dcpolariser. 

A relation of the type 


E = h +-pr log -T 


is also to be expected when the proc^^ss is a direct electron transfer from 
the electrode to the dcpolariser. (For the discharge of hydrogen ions 
an expression of this kind is obtained, the factor before the logarithm 
being iRJ'jF ; but the reasons for the factor 2 given in Gurney’s theory 
will not apply to the transfer to a heavy molecule.) The fact that the 
experimental data arc in reasonable agreement with this expression is an 
argument in favour of the direct reduction. 

It has been suggested that the molecules which are reduced by a 
direct electron transfer arc those which give rise to reversible oxidation 
potentials. But it is not necessary that a reversible potential should be 
established in every such case. The condition of reversibility is that 
there shall be a single potential at which electron transfers can take 
place from the electrode to the substance and from its reduction product 
to the electrode at the same and not inappreciable rate. The con- 
dition of transfer of electrons from the electrode to a molecule in 
solution is approximately stated as ^ -f where <f> is the ther- 

mionic work function of the metal, V the potential difference, and 
the electron affinity of the substance (taking account of any solvation 
and ;idsorption energies). The condition for the reverse process is 
^ where 1 q is the ionisation potential of the oxidised form 
jf the substance. In practice, if the two processes are to occur at the 
same potential it is necessary that Iq should be of nearly the same 
magnitude as In. i e- the energy required to remove electrons from the 
oxidised form should be about the same as the electron affinity of the 
reduced form of the substance. Now% if the primary product of the 
reduction undergoes irreversible changes, this condition will not be 
satisfied and reduction may occur by direct electron addition without 
giving rise to a reversible potential. 

It is not unreasonable to suppose that substances like nitrobenzene 
may have an electron affinity which enables them to act as electron 
acceptors. The nitrogen atom in nitrobenzene has an incomplete shell 
of electrons, and the process of reduction might occur by the gain of two 


Cf. Butler and Armstrong, /. Chem, Soc., 1934* 743* 
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electrons, giving the ion C 0 H 5 NOJ[", which by an irreversible reaction 
with hydrogen ions gives nitrosobenzene, the first product of the 
reduction, tnz.: 

2H^ 

— ► C:N:0: 

- C.N0+H,0 

A similar process can then occur again, but in this case it is believed to be 


reversible : 

2e 


2 H+ 

H 

C : N : 0 : 



C : N : 0 : 



C: N: 0: H 

- C . NO 


- C . NO- 


- C . NHOH 


The reduction of the hydroxylamine to aniline apparently requires a 
more negative potential and may be a reduction by atomic hydrogen. 
It is interesting to observe that Conant has suggested a similar 
mechanism for the reduction of hydroxylamine by ionic reducing agents. 

We conclude that in these cases it is not improbable that the reduction 
is effected by the direct transfer of electrons from the electrode to the 
depolariser, but we cannot exclude definitely the possibility of reaction 
with adsorbed hydrogen which might be formed below the normal 
hydrogen overvoltage. A definite decision on this point must await the 
discovery of the conditions of formation and properties of adsorbed 
hydrogen on high overvoltage metals. 

Summary. 

1. The possible modes of electrolytic reduction are reviewed and their 
distinguishing characteristics discuss^. 

2. Examples are given of various types. Acetone, sodium formate and 

pyridine at lead electrodes cause no sig^cant displacement of the hydrogen 
overvoltage curve over the whole range, and are reduced by free atomic 
hydrogen. Nitrobenzene and benzaldehyde are reduced at mercury at 
more positive potentials than those at which hydrogen is liberated in their 
absence. With larger currents a transition occurs to near the hydrogen 
overvoltage. The time-potential curves show no sign of consecutive 
processes, and obey the relation {i — = a, which is characteristic of 

many cases in which the transition is due to the slow diffusion of the de- 
polariser to the electrode. It is concluded that it is not improbable that 
these reductions are effected by direct transfer of electrons from the 
electrode, although reduction by adsorbed hydrogen, liberated below the 
normal overvoltage, cannot l)e definitely excluded. The adsorption of the 
substance on the electrode, which may displace the hydrogen overvoltage 
in the negative direction is illustrated by pyridine at platinum. 

We thank Messrs. Imperial Chemical Industries for their grant. 
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THE KINETICS OF THE NITRITE-IODINE 
REACTION. 

By George Geoffrey Durrant, Robert Owen Griffith and 
Andrew McKeown. 

Received lyd March^ 1936 . 

Of the many thermal reactions of halogens in liquid solution, only a 
few are known in which it is presumed that halogen atoms play an 
essential r61e. Such are the reversible formation and decomposition of 
ethylene iodide in CCI4 solution,^ and the reactions in aqueous solution 
between oxalates and iodine.*» * For various reasons we thought it 
likely that the reactions between nitrites and iodine in aqueous solution 
might also involve the intermediacy of iodine atoms. The thermal 
reaction between KNO, and iodine has previously been studied by 
Berthoud and Berger * in connection with their study of the photo- 
chemical process, but only a few observations were made and the data 
obtained were insufficient to establish the mechanism. We have there- 
fore re-investigated this thennal reaction — using both KNO, and NaN02 
as reactants — under a wider range of experimental conditions, and have 
evolved a mechanism which accounts quantitatively for our results. 
This mechanism, which introduces iodine atoms or combinations of 
iodine atoms w’ith iodide ions (Ij- ions), is further supported by the 
results of experiments in which nitrite and oxalate react simultaneously 
with iodine. It also links up quantitatively the rate of the nitrite-iodine 
reaction with the rate of decomposition of HNOj in aqueous solution, 
exhaustively investigated by Abel and his collaborators.* 

Experimental. 

Kinetic measurements have been carried out at 40®, 50® and 60® with 
KaNO, (and KKO,) and I , as reactants. The reaction could only be studied 
o\''er a limited range of since with too alkaline solutions appreciable 
loss of iodine by iodate formation occurs, and with solutions too acid 
complications are caused by the decompt)sition of free nitrous acid. The 
actual range of over w'hich it is permissible to neglect these disturbing 
pnxresses depends not only on the temperature and the concentrations of 
reactants, but very markedly also on the concentration of free iodide ; 
loughly, however, a suitable range of pH for the isolation of the reaction 
between XOj- and I, is given by the use of phosphate bufiers, as already 
employed by Berthoud and Berger. • These authors have shown that 
the reaction rate under their experimental conditions is independent of 
pH. at least over the range covered by a variation of [HP04--]/[H,P04-] 
from 0^33 to 3. We, too, have found that for each set of experimental 

' Polissar, /. Ckrm, Sor., ig3o, gj. 756. 

* Berthoud. Trans, Faraday Soc., 1931, 37, 527; Helv. Chim. Ada, 1933. 16. 

393. 

* Cfrifftth and McKeown. Trans. Faradav Soc,, 1932, 2 Sf 752. 

^ Abel and HiUerding. Z, physihai. Chem., A, 1935. 353 * 

“ Berthoud and Berger, J. (fhim. physique, 1928, 542. 

* Abel et at., Z, physihal. Chem., A, 1928, 13J, 55 ; 1928, 134$ 279 ; 1928. 136* 
*35. 4*9. 430 ; 1930. 148, 337* 
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conditions (concentrations of reactants and of iodide) there is a more or 
less limited range of pn within which the process measured is exclusively 
NO,~ 4- I» + HaO-^ NOa~ 4- 2H+ 4- 2l~ and whose velocity is indepen- 
dent of In most of our experiments phosphate buffers were em- 

ployed ; in addition, a few measurements have been effected in 
NaHCOg solutions saturated with COj and in acetate buffers. The reaction 
rate was found to be dependent also on ionic environment ; hence, in 
order to make legitimate comparisons the ionic strength (fi) in various 
series was kept approximately constant by addition of NaClO*, NaNOj or 
KNO3. 

All the chemicals used were of A.R. quality. Reaction mixtures of 
high iodide content were contained in glass- stoppered flasks ; samples 
withdrawn from time to time were run into excess of sodium arsenite 
solution and their iodine contents obtained by back-titration with standard 
iodine solution. This procedure is, however, not accurate enough when 
the iodide content is low (less than 0-03 M), owing to progressive loss of 
iodine by volatilisation ; under these circumstances, a number of 20 c.c. 
samples were sealed in thin glass tubes (of about 30 c.c. capacity') at room 
temperature, and these were simultaneously immersed in the thermostat 
at 50° or 60°. From time to time a tube was withdrawal, rapidly cooled, 
then broken and the iodine estimated as before. In all cases light was 
rigidly excluded from the reacting system. 

In formal agreement with the results of Berthoud and Berger, the 
reaction was found to be unimolecular w4th respect to icxiine, but not of 
simple order with respect either to nitrite or to iodide (which retards the 
reaction). The order with respect to nitrite (wno»-) Hcs between the limits 
of I and 2, approaching the loww limit w^hen [I “] is very small compared 
with [NO,-] and the upper limit when [I-] is large. The order w ith respect 
to iodide («i-) is similarly dependent not only on the concentration of iodide, 
but also on that of nitrite. For a given concentration of nitrite Wj- varies 
from between o and — i at low [I*j to a limit of — 3 at high [I“j. If we 
provisionally define the rate of reaction by the equation 


d[n^] ^ /gTNO,i[in,i 
dt A', + [I-j 


where [-TI ,] = concentration of total titratable iodine, [I-] -- concentra- 
tion of free iodide, and /f, ™ If j l l? . ! is the equilibrium constant of tri- 

L^a J 


iodide formation, the above statements may be reworded in the sense that 
k' is constant at low [1-J and high [NO,-J, but decreases progressively as 
[I-] is increased, finally becoming proportional to [NO,’-3/[l-j*. Search 
for a kinetic expression to fit these findings led to the following empirical 
expression : 


d[n,-\ 

dt 


Ar[NO,-][ri,] 




( 2 ) 


or 



(3) 


where k and A are constants (at constant temixjrature) independent of 
:NO,iandof [I-]. i / 

Equations (2) and (3) are found to be in excellent agreement with our 
kinetic data over a wide range of variation of [NO,-] and [I-], so long as 
the total ionic strength of fiie various reaction mixtures is maintained 
constant. The value of at constant [NO,-] and constant [I -] is, however, 
sensitive to change in /i, decreasing progressively as is increased. Most 
of our experiments have been carried out at 0*7 and ft K 2*7. 
In the former event the ionic strength is made up of contributions from 
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NaNO„ KI, NajHPO* and KHiPO*. For 27, reaction mixtures are 
also zM with respect to NaNO,. Kinetic measurements with intermediate 
concentrations of NaNO, showed that, so far as this salt is concerned, a 
simple relation holds over the whole range of [NaNO,] from [NaNO,] = o 
to [NaNOj] = 2*0 between k' and /i, viz., 

log /fVi “ log = 0-153 (Ml - Ml) - • • (4) 

This same dependence of k* on ft obtains at very different values of 
[l-]*/[NO,-], from which it follows that it is the constant k, and not A, 
which is sensitive to fi. 

We have used equation (4) to correct the velocity coefficients k' obtained 
in the series X 0-7 and 2 7 to the values ^'corr. they should have at 
^=0 7 and 2-7 respectively. This procedure is not free from criticism, 
since equation (4) only represents the neutral salt effect of NaNO, upon 
whereas the individual in each series should reaJly be corrected not for 
varying NaNO,, but for the neutral salt effects of NaNO,, KI, NajHPO,, 
and KHtPO* which may well be different from that of NaNO,. The cor- 
rections applied, however, are in most cases only a few per cent, in the tw^o 
series, so that the values of A'corr. cannot be seriously in error on this 
account. 

Before tabulating our experimental results, it is first necessary to 
discuss in more detail the conditions of acidity under which the reaction is 
n<.>t interfered with by side reactions. With solutions too alkaline, especi- 
ally in the presence of low [I-], loss of iodine by iodate formation may 
ensue in presence or absence of nitrite. Blank experiments were made in 
absence of nitrite to determine at 50® and 60° and at variou.s concentrations 
of iodide the lower limit of at which this disturbing effect may safely 
be ignored. On the other hand, the reaction mechanism is indubitably 
changed if an upper limit of [H^j be exceeded. This is primarily due to the 
decomposition of free nitrous acid according to 

2HNO, -H. NO 4- NO, -f H, 0 . 

This has the effect that with high iodide concentration.s the liberated NO, 
reacts with iodide to give iodine (and NO is evolved), so that I, is formed 
in sy stems not initially containing iodine, and hence a spuriously low rate 
for diSiippearance of iodine would be obtained. At low iodide concentra- 
tions, however, this effect may be negligible, but on the other hand the 
NO liberated reacts with iodine to give a spuriously high rate of disappear- 
ance of I,. We have thus been forced to work between rather narrow 
limits of which are about = 6 for low concentrations of iodide and 

— 7 for high concentrations of 1“. In all cases where any doubt might 
exist, the [H^j w^as varied over at least a twofold range to test for the 
absence of the above-mentioned side reactions. It should further be 
noticed that the presence of NaNO,, NaClO, and other neutral salts causes 
considerable increase in the acidity of phosphate bufifers. For example, 
addition of 2-0 M NaNO, to a phosphate buffer in which [NajHPOJ/ 
IKH,P0,1 =^o.i/o-j or 0-15/0-03 causes a fall in of about o-6 units. 
Hence, in the presence of appreciable quantities of one of these neutral salts 
the phosphate ratio [Na,Hro ^/[KHjPO,] cannot safely be reduced to as 
small a value as in absence of the salt. 

In Table I. are given the results of kinetic experiments at 50® and 60® 
^ith NaNO, and I, as reactants in the presence of phosphate buffers. 
Tables I. (a) and (c) refer to an ionic strength of 0-7 (no added NaNO,), and 
tables 1.(6) and (d) to /i =» 2-7 (#.e. with 2-0 M NaNO, added). The 
initial iodine content was 0*002 jM or o-ooiM in most cases. The tables 
give the mean values of h' as defined by equation (i) and of A^oqct.* the 
values of /r' corrected to /i 0-7 or 2*7 by means of equation (4) as already 
explained. In evaluating k* we have employed for K, the v^ues 0-00225 
‘ina 0-0026 at 50® and 60® respectively ; as shown by the work of Kiss and 
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Urminczy,’ these may be taken as practically independent of fi over the 
range of [NaNOg] studied. Each of the five or six values of k' given by 
each experiment was obtained from equation (i) written in the form 

IL/ [I“]m} 

[NOr]« 

where Auni is the unimolecular velocity coefficient (time in minutes) with 
respect to iodine, and [I“]^ and [NO,*"]* are mean values of [I~] and [NO,-] 
over the relevant time interval. Since, under our experimental conditions, 
the coefficient k' is sensibly constant in each experiment, we give only the 
average value of k' in each experiment together with the average value of 
[I'’]*m/[NC),-]*. Values of [I-], the concentration of free iodide during an 
experiment, have been evaluated from the initial concentrations of potas- 
sium iodide (c or [KI]o), and of iodine (a) and the extents of reaction (x) 
by means of the equation 

[I-] = 4 {(c — a — Kj + 3Ar) + V{c — a — K, + 3X)’ + 4/f,(c + 2*)). 

For each of these four series of experiments a plot of the reciprocal of 
k'corr. against [I “] V[NO, -] is found to give a straight line. This is illustrated 
for one of the series, that of Table l.(d), in Fig. i. In the plot are also 
included data from additional experiments, which for brevity ha\'e been 
omitted from Table I.(^), The linearity of the plots of ifk' against 
[j-]i/[NO,'] shows that equation (3) holds (at constant ionic strength) 
over the whole range of variation of [I-], [NO,-] and [H^] covered by 
Table L From the plots, or by applying the method of least squares, the 

TABLE I. 


[Na,HP 04 ] 
[KHjPO*] * 

[NaNO,],. 

[KI],. 

1 I* “m K jjji 

t 1 av! 

i 

corr. 


(a) Temp, 

. = 50° ; [NaNO,] = 0 ; m 

= 0-7 


0*05/0*2 

0*1807 

0*002 

0*04 

29*0 

27*4 

0*05/0*2 

0*1807 

0*01 

0*50 

20*7 

25*3 

0*1 /o*2 

0*1807 

0*015 

1*09 

* 23*7 

* 23*7 

0*1 /o*I 

0*3614 

0035 

3. 09 

i8*8 

19*5 

oi/o-i 

0*1807 

003 

4-46 

17*5 

17*0 

o-i/o-i 

0*1807 

0*035 

6*14 

15*0 

14*6 

o-i/o-i 

0*1807 

0*04 

8*04 

131 

12*8 

o*i/o*i 

0*1807 

0-045 

10*20 

11*5 

11*2 

0*1 /0‘ I 

0*1807 

005 

12-64 

10*0 

9-75 

oi/o-i 

0*1807 

0*06 

18-59 

7*4 

7*25 


(b) Temp. = 50° ; [NaNOJ = 2-04 ; /i = 2-7, 


0*12/0*12 

0*1807 

0*002 1 

0*03 

13*70 

13*70 

O* 12 / 0*12 

0*1807 

0*01 

0*50 

12*70 

12*70 

0 *1 /o* I 

0*1816 

0*015 

0*98 

12*15 

11*90 

0*1 /o*i 

o*i8i6 

0*02 

1*86 

10*95 

10*75 

0*15/0*03 

0*3635 

0*03 

2*24 

9*50 

10*25 

o*i/o*i 

o*r8i6 

0*025 

316 

9*25 

9*08 

0*1 /o*i 

0*1816 

0*03 

4*34 

^•35 

8*21 

OI5/OO3 

0*3635 

0045 

5*30 

6*60 

7*14 

0*12/0*03 

0*1807 

0035 

6*18 

7*14 

7*01 

0*12/0*03 

0*1807 

0*04 

8*20 

6*13 

6*03 

0*15/0*03 

0-3635 

0*06 

9*34 

5*00 

5*4.5 

0*12/0*03 

0*1807 

0*045 

10*34 

5*26 

5.18 

0*1 5/003 

0*3635 

0*07 

12*73 

4*^5 

4*54 

0*2/0*02 1 

0*1807 

0*05 

12*83 

4*25 

4*54 


’ Kiss and Urmdnczy, Z. anorg, allg, Chem., 1931, JOJ. 172. 
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TABLE I. — continued. 



(c) Temp. 

« 60® ; [NaNOJ « 0 ; /i 

=*0-7. 


0*05/0-2 

0*1807 

0*002 

0*04 

119*5 

112*5 

0*02/0*08 

0*0904 

i 0*002 

0*08 

135*2 

114*6 

0*05/0*2 

o*i8io 

0*007 

0*35 

116*6 

110*2 

0*05/0*2 

0*1810 

0*01 

0*60 

1 14*0 

107*7 

0*05 /o*2 

0*1810 

0*015 

1*30 

104*8 

99*3 

0 -I/ 0-2 

0*1805 

003 

4*93 

65*9 

65*7 

O ' l / O'I 

o*i8io 

0045 

10*92 

46*6 

45*4 

0 * 1 / 0*2 i 

0*1807 

0*05 

13*20 

38-5 

38*9 

0*1 /o*i 

o*i8io 

0*06 

18*89 

31-8 

31*1 

0*1 /o*i 

0*1814 

0*07 

25*41 

25-0 

24*5 

o*i/o*i 

01814 

0*08 

33 * 4 i 

19-8 

19*5 

0*1 /o*i 

0*1814 

0*09 

42 * 3 » 

l 6 *l 

160 

o-j/o-i I 

0*1814 

0*10 

52-48 

13*5 

13*4 


(d) Temp. = 

= 60°; [NaNO,] = 2 04 : 

li 


012/0*12 

0*1807 

0*002 

0*04 

5^’5 

56-5 

or/o*2 

0*0904 

[ 0004 

0*20 

58*5 

57-2 

0 * 12 / 0*12 

0*1807 

0*01 

0*63 

54*2 

54-2 

0*1 /oi 

0*0904 

0*015 

2*32 

46*0 

43-6 

O * 1 / 0*1 

0*1807 

003 

4*51 

35*2 

34-6 

0*15/0*1 

0*3586 

0*00 

9*52 

21*8 

243 

0*1 5/0*03 

0*3586 

0*07 

13 06 

18*0 

19-7 

OI5/003 

0*0452 

0*03 

* 7*05 

17*4 

i 6*8 

•0*20/0*02 

0*5421 

0*10 


15*95 

15*95 

O' 15/0*03 

0*3628 

009 

21*31 

12*45 

13*7 

0*15/0*03 

0*0452 

0035 

23*^5 j 


13*15 

0*15/003 

0*3586 

0*10 

20*70 

10*65 

11*75 

to* 20/0* 15 

0*7228 

0*5 ! 

30*29 

10*65 ; 

10*6 

o* 15/0*0*3 

0*1807 

o*o8 

33*45 

9*90 

10*15 

0*15/0*03 

0*1807 

0*00 

42*55 

805 

8*30 

0 * 1 5 / 0*02 

0*1 807 j 

0*10 i 

5286 

6*45 

6*70 

[NaHCOJ 

1 

i 





0*02 

01807 ! 

0*002 

0*04 

656 

55-8 

0*04 

0*1807 

0*045 

10*40 

25*7 

22-4 

0*10 

0*1807 

0*084 

3 h *93 

9*95 

8-95 


• [NaNO ,3 


t [NaNO J 

= 1 * 20 . 



constants k and A of equation {3) may be e\'aluated. The results are 
shown in Table II., which also includes the result of an experiment at 
40® with a low concentration of Kl, from which h (but not A) is directly 
obtained* 


TABLE II. 


Temp. 



A.xo». 


40 

2*7 

— 

2*94 

0*0159 

50 

0*7 

1535 

28*4 

0*126 

50 

2*7 

i6o*7 

13*8 

0061 2 

60 

0-7 

M5*7 

115*4 

0*444 

60 

2*7 

140*2 

56*6 

0*2175 


From these figures we may infer that A is independent of ^ and put 
A ^ at 50® and A 143 at 60®. Further, it is seen that at efiwdi 
temi^rature k is approximately halved by increasing the ionic strength by 
2 This result confirms the use of equation (4) for correcting velocity 

coefficients for changes in The temperature coefficient of h between 
50 and 60® is found to be 4-07 u ^ 0*7 and 4*11 at u « 2*7, or an 
average of 4-09. 
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That NaNOj, a resultant of the reaction, exerts none other than an 
environmental effect on the rate is shown by the experiments of Table HI., 
in which added NaNO, is replaced by NaC104. 


TABLE III. 

[NaNOJo = 0-1807 ; [NaClOJ = 2*04 ; fi X 2*7. 


Temp. 

[Na,HP04] 

tNaH,P 04 ]* 

[KI],. 



X io». 

corr. 

50° 

0 *I 2 / 0 -I 2 

0002 

i 

0-04 

13-9 

13*9 

60° 

0-135/O-OX5 

o-o6 

lS-6 

14*7 

15*0 

60® 

0 *I 2 / 0 *I 2 

0*002 

0*04 

58-3 

58-3 


Comparison of the values of k' of this table with those of Tables 1 .( 6 ) and 
(d) shows that the effects of NaNO, and NaC104 on the rate are practically 
identical. 



We have also carried out a few kinetic measvtements at 60^ with KNOt 
as the reactant and KNO, added to make ^ ~ 1*34. The same mechanism 
applies as heretofore, as shown by the results of Table IV, 

The data of the l^t three experiments of this table are calculated from 
the experiments of Berthoud and Berger • under practically the same 
conditions of ionic strength and acidity ; as is seen, they fall into line 
reasonably with our own results. The plot of j/h' against 
for these experiments gives A =» 176, k = I07'3 X io-“* and hi » 0*43^* 
The constants A and are both about 24 per cent, higher than those 
calculated (see Table II.) for NaNO* + NaNO, at fi 1*34. 
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TABLE IV.— Temp. = (>o° ; [Na.HPO,] = [KH.POJ = 0 066 ; 

M ~ 1*34 : ^<3 = 0 00245. 


1 

[KNO,l«. 

[KNO,). 

1 1K!|.. 

uNo.-ui a;. 

A'x IO». 

o*9b 

0*091 

0025 

0*74 

93 -b 

0*96 

0*006 

0*05 

2*76 

72*5 

0*48 

o- 35 (. 

0*04 

3*44 

673 

0*48 

0-.55 1 

005 

5*27 

56- 1 

0*90 

0*041 1 

0075 

6*1 1 

51*9 

0*48 

o* 53 h 

o*o6 1 

7 - 5 « 

46*6 

0*24 

0*79 

005 

10*28 

3 ^^*o 

1*00 

— 

005 i 

i 2*0 

(> 5*6 

i»oo 

- 

0075 1 

5*0 

53-8 

1-00 

' i 

OII 2 S 1 

12*9 

32*5 


Finally, in Table \'. are given some of the results of kinetic measure- 
ments in solutions of high acidity, such that appreciable amounts of free 
nitrous acid are present Clearly the mechanism which applies to the 
experiments of Tables L-l\'. no longer suffices. 


TAIU.K Tkmi* (k> . NANO3’ - - 04. 


l.NatHP()|]/!KH,lHJ< 

1.. ’ 'NaNCV,. 

1 KI,». 

! k’ \ 10 *. 

O- 1 2 i'O'I 2 

O* I H 

0*002 

! 5<>-5 


O'OJ i O' 2 S 

0*1 s 

0*002 

01 -- 

b 3 

o*04;0‘3<j 

0*|S 

0*002 

' gi 

114 

0*025, o- 25 

or.s 

0*002 

1 06 -- 

no 

0 03 0*4 

' 0-1 s 

0*<K)2 

‘ I 20 — 

194 

0 025;o*4 

0*1^ 

0*002 

140-^ 

21S 

0025 '0*4 

; 0*1 A 

0*00133 

' 107 — 

275 

0025, 0*4 

oiS 

0*00003 

225 

401 

00 2 5/0*4 

0*045 

0*002 

1 70 

7h 

•0*025 0*4 

0> I S 

0*002 

252 

37« 


• ^NaClO^I - 2*04 

replacing NaXO.^. 




The first expennient in Table \'. refers to normal conditions, .t 
remainder to solutions of high acidity. It is seen that in these cases {t,e. 
with low concentrations of I~), the rate of disappearance of I, is greater 
than the nonnal, and that the discrepancy increases with increasing 
acidity, or increasing or diminishing [I*"]. We do not proj^se to 

discuss hi any detail the mechanis ' >f the reaction under these conditions ; 
further work will be necessary ..>r its elucidation. It appears likely, 
however, that the chief pnkresses concerned may l^ represented as 

2 HNOt ^ -1- NOt -f H,0 

NO -f I, 4 H,0 NO, 4 2 HI, 

that probably all four reactions are fast ones, that with low' values of [I^] 
the rate of the reaction between NO and I , is faster than its -eversal. and 
that the rate of disappearance of I , is essentially governed by the difference 
between these two rates. 


35 
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Reaction Mechanism. 


Two main types of reaction mechanism can be formulated to give a 
satisfactory interpretation of our experimental results. These are : — 


Mechanism I. 

NOr + -f I- + I 

NO,- + i:;;!I:no, + i- 
2 NO, + H,0 ^ HNO, -f HNO, 


Mechanism IT, 

NO,- -f* complex 

complex "h NO,- ^ 2NO, -f- 2^-* 

2 NO, 4 H,0 HNO, + HNO, 


In each of these, NOj appears as an intermediate, but Mechanism 1- 
involves atomic iodine, whereas Mechanism II. postulates a complex 
(N02l2‘*) between the NO2- ion and I2. In either case, the net rate of 
disappearance of iodine equals the rate of formation of nitrate, 
^5(^02]*. It should be noted that the reaction between NOj and HjO 
(velocity coefficient k^) is also reversible, but under our experimental 
conditions of low acidity this reversal may be neglected. 

Confining attention for the moment to Mechanism I., the usual 
assumption of stationary state conditions for the intermediates — iodine 
atoms and NO2 — leads to the equation 


== M4[N02]*[I“]2 + + k,k,[NO^-][m^]K 


In this we now neglect the second term on the right-hand side compared 
with the first and the third. This is equivalent to assuming that the 
rate of reaction 3 is fast compared with that of 2, and the rate of 4. fast 
compared with that of 5, i.e,, that the equilibrium NOj” + I NOj + 
is effectively maintained in all reacting systems. It follows that the net 
rate of reaction is given by 


or 


djZh] 

dt 




^[NOrjli*] 


(I 


-12 


d[Zl.] 


dt 


^3^6 [^^3 

^A3lNQr][i:i3] 


+ I 




/ 


(5) 


(Sa) 


in formal agreement with the empirical equation (2). 

Mechanism II., with the corresponding assumptions with regard to 
the relative rates of the part-processes, leads to an equation identical 
with (5a), as does also an alternative form of Mechanism II., viz., 

NO,- + I, NO,I + I- 

No,i -f NO,- 2N0, + 1 - 

2NO, + H,0 -- HNO, + HNO3. 

* 

We have, however, definite evidence (vide infra) in support of the view 
that iodine atoms participate in the reaction, and therefore we need not 
discuss Mechanism 11. or its variants further. 

Reverting to Mechanism I., it may be noted that addition to it of the 
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rapidly maintained equilibrium * I + I- ;! I,- still leads to an equation 
formally identical with (5a), and, in fact the mechanism la 

NO,- + I, r NO, + I,- 


NO,- + Ir^NO, + 21- 

*'4 


2NO, + H ,0 4 ‘ HNO, + HNO„ 

which is a simple variant of Mechanism L, yields equation (5a) with the 
constants k\ and k\ substituted for and respectively. 

According to Griffith, McKeown and Winn,® the equilibrium constant 


-ryj; ' is at most 10 and hence, even at the lowest concentrations 
. 1^2 i 

of iodide here employed, the concentration of Ig” exceeds that of I atoms. 


Mechanism la may therefore be somewhat more likely than Mechanism I., 
but as there appears to be no means of distinguishing between them, we 
may confine our further discussion to Mechanism I. itself. 

Identifying kiK^ and of equation (5a) with the constants k and 


kJi 

A respectively of equation (2), we obtain for the ratio the values 

157 at 50 and 143 at 60^. The values of under the various conditions 
studied are given in the last column of Table II. These values refer to 
the reaction in media containing sodium salts. The values of and 
k k 

in presence of potassium salts at = 1*34 and 60® are 0*438 and 

176 respectively. The temperature coefficients of in the intervals 
40® — 50° and 50® — 60® are 3*86 and 3*54 respectively, corresponding 

^^4 


The ratio definitely de- 


to a critical increment Ey of 27,000 cal. 

creases with increasing temperature, but its dependence on temperature 
is relatively small. It corresponds to a “ critical increment of 

— 2000 cal. 

Discussion. 


Apart from the fact that Mechanism I. for the reaction between 
nitrite and iodine predicts the correct kinetic law, two independent 
tests of its validity are available. The first of these concerns the assumed 
intermediacy of NOj, the second the role of iodine atoms in the reaction. 
We shall deal with these tests in order. 

The mechanism of decomposition of nitrous acid in aqueous solution, 
which has been the subject of many investigations in the past, has been 
finally elucidated by the careful studies of Abel and his co-workers,® It 
has been found that the net reaction 

3HN0,~>HN03 + 2N0+ HjO . . . (a) 

is composite of the part -processes 

2 HN 0 g NO* 4 - NO + HeO ... 03 ) 

2N03+H30->HN0*+HN03 . . . (y) 


* Griffith, McKeown and Winn, Trans. Faraday Soc., I933» 3^^- 

35 * 
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of which (P) is a rapidly maintained equilibrium, while (y) determines 
the measured rate of decomposition of the nitrous acid.* Now reaction 
(y) has also been assumed to be the rate-determining step in our mechanism 
for the oxidation of nitrite by iodine, and accordingly it should be 
possible to correlate quantitatively our kinetic measurements of this 
reaction with those of Abel for the decomposition of nitrous acid. This 
may be done as follows. 

Reaction (a) is found by Abel to follow the kinetic law 

... ( 6 ) 

at P no 

But from Abel’s mechanism this rate is also given by 


<i[HNO,] 

dt 


3 ^[NO,] 


= 3A:s[N0,1* 


where is the velocity coefficient of process (y). Hence 

JHNO*]^_ 

where Kp = ' is the equilibrium constant of process (p) and 

pNO/^NOt 

D = -- — - is the solubility coefficient of NO2 in water. On the other 
PnOi 

hand, the constants which we have evaluated from the nitrite-iodine 
reaction are the velocity constant ^ of the primary process 

kqk 

and the ratio = A of the velocity constants of the other part- 
processes in Mechanism I. In terms of these we have 


kJz 

But the factor is simply the equilibrium constant of the reaction 

2NO2”’ "f* I2 ^ 2NO2 ~jr 

which is compounded of the and reactions, or 

^ (, 0 ) 

where K is the equilibrium constant of the reaction 
2N0r+ 1,:^2N0, (gas) + 2l-, 
f. j; [NOrm 

Combining (9) and (lO), we obtain 

k — ^ — fill 

• • • • 

* Abel writes (|8) and (y) in ternjs of N^O., instead of N0„ a formal difference 
which naturally does not affect the argument. 


iU,v 
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and comparing (8) and (n) the following relation results between Abel’s 
constant ka and our constants and A : — 




3A 

A 




( 12 ) 


It should thus be possible to evaluate Abel’s at say 60° C. from our 
own velocity constants and the equilibrium constants K and of the 
reactions 

2N0*- + 1, 2N0, (gas) + 21- 
and 2 HNOj NO* (gas) + NO(gas) + HjO. 


These equilibrium constants have been evaluated from the free energies 
of the participants at 25° and the heats of reaction, using the data from 
International Critical Tables. They are : 


K (25'') = 6-9 X lo* ; (25^^) = 1-44 x lO* 

Qv == 33,^00 cal. ; Qj, == 18,350 cal. 

K (60°) == 1*5 X 10’ ; (60^^) = 5*54. 

Using equation (4) to correct our of T^.ble II. to zero ionic strength, 
wc obtain k^[yL o) = 0*568 and A = 143 at 60°. Hence at = o 
and 60*^ is calculated from equation (12) to be 5825, whereas Abel’s 
experimental value is 5130. In view of the inevitable uncertainties in 
the values of K and the agreement is very satisfactory, and it must be 
regarded as strong evidence for the hypothesis that NO* participates in 
the nitrite-iodine reaction in such a manner as to make the rate-deter- 
mining process 2 N 0 j + H ,0 -> HNO2 + HNO3. 

As a further test of equation (12), the critical increment of may 
also be calculated from the temperature dependence of Ay AT, and AT^. 
We have 

+ * • • ( 13 ) 

27,000 + 2000 — 33,800 + 36,700 
31,900 cal., 

This lies about 3000 cal. above Abel’s value for of 28,600 cal. Prob- 
ably this difference simply represents an accumulation of errors in the 
various terms involved. 

Turning to the consideration of the role of iodine atoms in the nitrite- 
iodine reaction, it should at once be remarked that the deduction of 
equation (5) from Mechanism 1 . involves two major assumptions, one of 
which has hitherto not been explicitly stated. It has been assumed that 
the and reactions are always fast compared with the other processes 
in the mechanism, but it has also been implicitly assumed that these 
same reactions are fast compared with any such processes as Ij ^ 2I or 

+ I~ ^ 212” (coupled with Ij” I"* + I) which, in the absence of 
nitrite, would maintain a thermal equilibrium concentration of iodine 
atoms [ 1 ], in the system. In effect, we have postulated that the in- 
stantaneous concentration of iodine atoms is controlled solely by the 

equilibrium N 0 ,~ + I ^ NO, + 1 “, and that the observed rate of 

^4 

reaction, W2., k3[N02]*, represents the lack of balance between the Jfej 
and reactions. Without the progressive drain on the NO2 by the 
reaction, the and reactions would also balance, and the NO2 — N02"“ 
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couple would simply act as a catalyst for the production and disappear- 
ance of iodine atoms. Under these circumstances, however, the con- 
centration of iodine atoms must assume its thermal equilibrium value 
[I]„ and therefore 


[N 0 .].[I-][ 1 ]. fe, 
[NO,-] [I,] 


• ( 14 ) 


and 


[NO,].[I-] 
[NO,-j[I). - K 


( 15 ) 


where [NOg], is the stationary concentration of NOj under these ideal 
conditions. The velocity constants and must therefore be 

such that 


[ 1*1 ~kA 


(i6) 


The actual occurrence of the reaction upsets this balance and has the 
effect of reducing the concentrations of NOj and I atoms below their 
equilibrium values. We now have 


[NQ,][I-] h 
[NO,-][I] k, • • 

and )fei[NO,-](I,] - ife,[NO,][I-][I] = ^,[N 0 ,]* 


( 17 ) 

(18) 


from which, it may be noted, equation (5) directly follows. Combining 
equations {17) and (18) with (16), it also follows that the ratio (F) of [I] 
to [I], is given by 


F-W- I ^[i-]V[NOr] 

-[I].- V^[I-]*/lNO,-] + I • 


(19) 


where A 


as heretofore. Examination of equation (19) shows 


that [I] should approximate to [I], for high values of [I"']V[NOjj“], that is 
for an observed slow rate of reaction between nitrite and iodine, whereas 
for low values of [I“JV[N02““], that is, for a high rate of reaction, the 
concentration of iodine atoms should be maintained considerably less 
than its thermal equilibrium value. 

Now we have previously demonstrated,® and the result has been 
confirmed by other workers,®* * that the thermal reaction between iodine 
and an oxalate is composite of two simultaneous processes, the one 
unimolecular, the other semi-molccular with respect to iodine. The 
first of these is interpreted as a reaction between HC204“" ions and HIO, 
the other as a reaction between C2O4 — ions and iodine atoms. If iodine 
atoms participate also in the nitrite-iodine reaction as above described, 
it follows on the basis of the above analysis that in a reaction mixture 
containing nitrite, oxalate, and iodine, the iodine should be consumed at 
a rate less than that computed as the additive effect of the separate 
reactions of iodine with oxalate and with nitrite. We have carried out 
experiments to test this ; the predicted decrease in the rate of con * 
sumption of iodine is confirmed, and furthermore the results may be 
quantitatively interpreted on the basis of equation (19). 

Solutions of oxalates, in which the oxalate ion present is predomin- 
atingly C2O4 , react with Ij according to the equation • 


^U[c,or-]( 
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where the first term inside the brackets refers to the semi-molecular 
process and the second to the unimolecular process. Hence it follows 
that in solutions containing both nitrite and oxalate the rate of con- 
sumption of iodine should be given by 


4?y 

dt 



Vk, + [I-] 




(ri, 


A 


[1-]{A3 + 

[NOrU^ 
^3 + [I-] 


( 21 ) 


where F is defined by equation (19). From separate experiments in 
absence of nitrite, carried out at 50"* and /x=o*95, we find ^"=38*0 X lO"® 
and = 48*2 X lO”^. Using these values of Ajj" and and the per- 
tinent values of /e' for the nitrite-iodine reaction, we have employed 
equation (2l) to calculate the rates of disappearance of iodine in solutions 
containing both oxalate and nitrite, and have compared these rates with 
those found experimentally. As equation (21) is non-integrable, we 
liave used the method of finite differences, and have calculated values of 
gram-molecules of Ig transformed per litre, in time intervals At 
from the equation 


A[i:i 


2jt0t. 


At 


[C*0, 


V\n 


2im 




+ V 


in 


2\m 


[I- 


ni^B + 

II. 






.[N02i[^I 


A%+[r 


III. 




(2ia) 


where mean values of the concentrations of 

titratable iodine and of iodide over the relevant time interval, and I, II, 
and III are the separate contributions of the three terms on the right- 
hand side of the equation to the total AfiTIj]. 

Table VI. reproduces the results of one such experiment and the 
calculations based thereon. 

The last column in the upper half of the table gives the observed 
amounts of iodine disappeared, and the last two columns in the lower 
half give the calculated values : 

(a) With the assumption that the oxalate-iodine and nitrite-iodine 
reactions are additive, that is, making F = i in equation (21a) ; 

(b) Using equation (21a) with the values of F given in the table 
and based on equation {19). 

It will be seen that the values calculated by method {b) are in good 
agreement with the experimentally observed values, whereas method {a) 
gives values considerably too high. We have carried out five such test 
experiments in all. Space will not permit of reproducing the results of 
these in detail, but their main features may be summarised as follows. 
In them the value of F has been varied from 0*15 to 0*95. Calculation 
by method {a) yields consistently high values for AlJT^jtot., deviations 

to 35 per cent, being obtained. Calculating by method (fr), two of 
the experiments give values of Afi^Igjtot. (calc.) slightly higher than the 
observed values ; in the remaining three experiments (of which the 
experiment of Table VI. is one) the reverse is true. In no case, however, 
is any single value of A[-n2]tot. calculated by method (6) more than 
5 per cent, different from the observed value. The results of these five 
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TABLE VI.— [NaNOJ - 01807 ; [NAKC,OJ-i; [Na,HPOJ - 0 05 ; [KH.POJ 
= O'l ; [KI]^ — O’Oi ; [iTIJ* — 0 002 approx. ; Temp. = 50® ; /x — 0*94. 


[21,3 xio> 

at 

(mia.). 



B 


1-915 


1-807 



2-16 

1-699 

2315 

I-III 

0-251 

1-434 

34-58 

1*566 

I-I77 

0-268 

1 

2-65 

i-i6o 

46-30 

1-297 

1*251 

0*287 

2*74 

0-895 

59 - »5 

1-027 

1-326 

0-306 

2-65 

0-628 

82-63 

i 0-7613 

I-40I 

0*325 

2-67 


at. 

i 

i 

j A[il8]jXIO». ^ 

A[21,3|j X io 5 . 



Calc. (a). 

Calc, (6). 

23*15 

1-88 

2-6g 

i 6-33 

2*652 

2 090 

34 ‘ 5 ^ 

2*71 

306 

19-78 

3*297 

2*555 

46-30 

3*44 

2*96 

20-41 

3*535 

2-68 1 

5915 

4*05 

2*64 

19*23 

3-510 

2*592 

82-63 

503 

2-42 

18-62 

3*652 

2-607 


experiments are thus entirely consistent with equation (19), and therefore 
with the theory that iodine atoms participate in the nitrite-iodine 
reaction. 

Finally, it is to be noted that of the velocity constants, 
and of our mechanism, only is at present determinable. The others, 
or more precisely Aj,, and the ratio could be calculated from 

existing data if a knowledge of the solubility coefficients of NO2 and of 
monatomic iodine in w'ater were available. As this is not the case, we 
may for the present refrain from speculating on these matters. It is 
hoped, however, that the photochemical reaction between nitrite and 
iodine, which we are now re-investigating, may shed further light on the 
reaction mechanism. 


Summary, 


The kinetics of the nitrite-iodine reaction have been investigated in 
phosphate buffers at temperatures of 40°, 50® and 60®. The reaction rate 
is given by 


drri,] 

dt 


-^.k 


[NOr][n,] 



where k and A are constants and Kj is the tri-iodide equilibrium constant. 
k and A have been evaluated at different temperatures and for different 
neutral salt environments. This kinetic equation has been interpreted in 
terms of a reaction mechanism involving NO* and iodine atoms as inter- 
mediaries. The presumed r 61 e of NO* is substantiated by comparison of 
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our kinetic data with those of Abel and co-workers for the decomposition 
of free nitrous acid, while independent confirmation of the r61e of iodine 
atoms in the reaction has been obtained by use of the iodine-oxalate reaction 
as an indicator reaction for iodine atoms. 

The authors desire to express their indebtedness to Imperial Chemical 
Industries, Ltd., for a grant which defrayed part of the cost of this work. 

Muspratt Laboratory of Physical and Electrochemistry^ 

University of Liverpool, 


MEAN VALUES FOP THE DIPOLE MOMENTS 
OF THE HARMONIC AND ANHARMONIC 
OSCILLATOR IN QUANTUM MECHANICS. 

By R. P. Bell and E. A. Guggenheim. 

Received z^th March, 1936. 

In a previous paper, ^ one of the authors has calculated the mean 
dipole moment of a classical harmonic oscillator, and shown that for 
polarisable ions the mean moment is a function of the amplitude. This 
result was then applied to calculate the difference in the mean dipole 
moments of isotopic molecules arising from the difference in the ampli- 
tudes of the zero point vibrations. Such a procedure is open to criticism, 
since zero point energy is essentially a quantum mechanical phenomenon, 
and cannot be legitimately treated as a classical vibration. In particular, 
the eigenfunction of the lowest state of a harmonic oscillator shows that 
the configuration of maximum probability corresponds to the position of 
equilibrium, while in a classical oscillator the particle is most likely to be 
found at the extremes of its motion.* The present paper gives a quantum 
mechanical calculation of the mean values involved, and extends the 
treatment to higher vibrational states and (to a first approximation) to 
an anharmonic oscillator. 

The variation of the instantaneous dipole moment with the inter- 
nuclear distance depends on the electronic distribution and cannot be 
represented accurately by any general theoretical or empirical equation. 
The electrical state of a diatomic molecule can, however, be represented 
at least approximately by a model consisting of polarisable ions. In the 
present paper we shall consider only the case in which only one of the 
ions is polarisable, corresponding to a diatomic molecule or group in 
which one of the atoms is hydrogen (or deuterium). The instantaneous 
dipole moment is then given by 

= + • • • • (0 

^ R. P. Bell, Trans. Faraday Soc., 1935 » ^345- 

* The same criticism applies in principle to any quantitative treatment of 
zero point energy as a classical Wbration, e.^. in dealing with the minimum 
distance of approach of isotopic molecules {cf, R. P. Bell and J. H. Wolfenden, 
/ Ckem. Soc., 1935, 823 ; A. R. Ubbelohde, Trans. Faraday Soc., 33i» 525 ), 
though the results of the present paper show that the errors involved in a classic 
treatment will in most cases be small. 


MEAN VALUES FOR THE DIPOLE MOMENTS 


1014 


and the moment in the equilibrium position by 

eoL . . 

Mo = ^ (2) 


where a is the equilibrium distance between ions of charges + e and 
— e, X the displacement from the equilibrium position, and a the 
polarisability of one of the ions. 

It is convenient to introduce a new variable ^ defined by x ^ 
where b = {hjA'rr^mv)^ is the amplitude of a classical harmonic oscillation 
of energy \hv^ m being the reduced mass and v the frequency. The 
expression for can then be expanded in powers of giving 


fi a OL 

ea~^ a a{a + b()^ 


- S + + « <«• 


b^OL 


,b* a 


(3) 


Since in practice b/a < l/io, it is necessary to retain only the first few 
terms of the expansion. The mean value of fi is then obtained by 
inserting the mean values of etc., in equation (3). Any empirical 
or theoretical expression for /i which is more accurate than equation (i) 
can be treated in the same way by expanding in powers of (. 

The mean value of in the nth vibrational state is given by 

r - f i f ^ . . . (4) 

J ~ 00 J - 00 


where is the normalised wave function. has the well-known form 


<l>n 


f ■ 

! frjT* 




(5) 


where Hn(() is the nth Hermitean polynomial. For present purposes 
these polynomials are most conveniently defined by means of the 
generating function 




( 6 ) 


n 


The integrals in equation (4) are evaluated by taking a second generating 
function 

k 

and considering the product 


I ^ "STC - = ^2- I "g- (f - * - 

n ir V CD 


f + 00 

The value of J is obtained by expanding and equat- 

ing coefficients of in the last two expressions in equation { 7 )* Only 
integrals with w == are required in equation (4). 
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The following results are obtained 


if r is odd, 


= 0 

f„* = n + = 3 {m» -I- m -|_ J). 


( 8 ) 


Inserting these values in equation (3) 


EiZLtP 


ea 



{3(w + + ^(n* + « + 



For the particular case of a molecule in its lowest vibrational state (as is 
actually the case at ordinary temperatures) 


^ Mo ^ _ a /3 4„ 11 ^ j o 

ea a ^[.2 4 a* ' a*j ‘ 


( 10 ) 


Equation (9) can be used to estimate the change of jl at high temperatures 
due to an increase in the vibrational quantum number, and equation (lO) 
to estimate the dependence of /Z upon h and hence upon the mass of the 
atoms (isotope effect). In both cases the effect would be absent for a 
dipole consisting of non-polarisable ions (a ^ o). 

For a classical harmonic oscillator having the same energy, ^ is 
given by 

“ V 2n + I sin 27rvt, . . . (ll) 


and the mean value.s of and become 

= (2n -f- i) sin'** 6 — n + I 

^ ( 2 n 4 - 1)2 sin** 0 == il(n- -f n + J). . . (12) 


('omparison with equation (S) shows that the classical and quantum 
mechanical treatments give identical values for but different values 
for (and for higher powers of f*) ; hence the classical treatment gives 
the value for fi correct to terms in As would be expected, the 

divergence between the two sets of results becomes relatively smaller as 
n increases. __ 

For practical purposes the value of /x* is much more important than 
tliat of fi : for instance, the experimental measurement of dipole moments 
always gives the root mean square moment and not the mean moment. 
From equation (3) 


-f* b()^ 2a , 

a* a*(a + b() ^ a^{a + b^)* 

Inserting the mean values from equation (8), 

35 •• 


(13) 


(14) 
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and for the lowest vibrational state, 


2 a^\ ) 4 ) 


O. 



Equations (14) and (15) show that even for a dipole composed of non- 
polarisable ions the observed moment (unlike /I) will depend upon the 
vibrational level and upon the mass of the particles. Further, the 

expression ^ coefficient of importance 

in practice) is always positive, so that the observed moment will always 
increase with increasing vibrational quantum number, and will be 
greater for a hydrogen compound than for the corresponding deuterium 
compound. (The opposite conclusions are reached by considering p , : 
cf. equations (9) and (lO).) 

As an example we shall apply our formulae to the HCl and DCl 
molecules, although they are not strictly applicable to this case. Our 
formulae are derived for a molecule in which the vibrating particles are 
ions. If, on the other hand, the vibrational quantum number of the 
HCl molecule is steadily increased without altering the electronic quantum 
number, the molecule gradually dissociates into two neutral atoms, not 
into two ions. However, we believe that the inaccuracy of our model 
may be partly compensated by taking as the value of the polarisability 
of Cl~ not the true value but the value calculated from equation (2) and 
the experimental value * for ft. For HCl we have then 


a = 1-23 X 10“®, b = ro8 X lO”®, (ft*)^ = 1*03 x (at ordinary 

temperatures), a = 170 x lO*"**. 

for DCl is found to be 0*91 X a difference wdiich should 

be easily detected experimentally. (The only measurements with 
deuterium compounds so far reported deal with D^O and ND3, both of 
which are found to have a moment slightly greater than the corresponding 
hydrogen compounds. However, both these molecules are bent, and 
the effect is probably due to a change in the angle between the bonds.) 
It is similarly ffiund that for HCl molecules in the first excited vibrational 
level (n == 1) (/x*)I = r62 X There should thus be a considerable 

increase in the observed moment at sufficiently high temperatures, though 
it would hardly be observable at temperatures below about 1000®. 
Quite apart from the validity of any particular model, data for simple 
linear molecules such as HCl and DCl would give valuable information 
about the variation of electron distribution with intemuclear distance. 

The same treatment can easily be extended to obtain a first approxi- 
mation for a slightly anharmonic oscillator. If the potential energy of 
the oscillator is given by 

V = 2 ‘rFm'iFx^ — . . . . ( 16 ) 


then the first order wave function for the nth vibrational state is 


'l>'n = 'l>n + 


r + 00 

J -00 


. (17) 


Cf, Debye, Polare Mokkeln, p. 73, I..eipzig, 1929. 
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where ili„, IV„ are the wave function and the energy when ^ = 0. Putting 
= (« + and using eqtiation (7) to evaluate the integrals, this 
gives 

n ~ 

+ lV{n -f i)(« + 2)(h 4- 3)0„^3— !^Vn{n— i)(n — (18) 

1 he mean values of f', , etc., are then calculated by inserting this wave 

function in equation (4), again using equation {7). The results of some- 
what laborious calculations are as follows : — 




1 67r*w®''*i^ ‘ 

I' -- (h 4- i) + 




jS/ii 


{238«< r 4<M«® 4- I4i5«- 4- 1231H 4- 53(>} 


-^^,{30n* 4-30«4- 11} 


4- « 4 i) 4- r 




( 3 1 44ir®w4i'^ 

{i72«^ 4- 430H* 4- 3462H® 4- 5432(1* + 4030n 4- 1059.}. 


(19) 


The corresponding values of fi and fc* arc obtained by inserting these 
mean values in equations (3) and (13]. Since for an actual molecule j8 
is positive, the anharmonic terms increase the effects described above. 


Jialliol College, 
( hxford. 


A NOTE ON EVAPORATION FROM IRREGULAR 

SURFACES. 

By H. W. Melville. 

Received 27th April, 1936. 

In making use of the Herz-Knudsen effusion equation to determine 
tlic vapour pressure of a substance by sublimation in a vacuum two 
simplifying assumptions are made, (a) tlic condensation coefficient of 
molecules on the surface from which they arc evaporating is unity, and 
[b] the effective area of the surface, if irregular, is equal to its projected 
geometrical area. It might be imagined, however, that if the surface 
from which evaporation is taking place is made extremely rough, then 
the rate of evaporation would be increased in proportion to the increase 
in surface area, much in the same way as the catalytic activity of a 
material is believed to be considerably increased by breaking up its 
surface by successive oxidations and reductions. In point of fact the 
increase in rate of evaporation on roughening a surface has been suggested 
ns a means of finding the true area of the surface.^ 

^ C/. Rideal, Surface Chemistry, p. 177. 
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In the previous paper the above question is of importance, and there- 
fore an attempt to estimate the magnitude of this unknown factor has 
been made in the following way. 

As a first approximation matters will be simplified by considering 

only a vertical crack of unit length 
measured along the surface of the solid. 
The width of the crack is 2a, the length 
of side I and the angle 0 as shown in 
Fig. I. It will be assumed first of ail 
that the condensation coefficient is 
unity, then any molecule evaporating 
from the elementary patch at P within 
the angle APB will escape while those 
evaporating within the angle BPC will 
condense on the other side of the crack. 
If the length of crack from F to C is 
only taken into account, the rate of 
evaporation, assuming the cosine law to 



Fig. 1 . 


hold valid, will be given by the equation 

rir/2 

n\==2-2-^.A\ cos^d^dA- 

J 2 a sill 0 J ^ 

both sides of the crack being taken into consideration. A is a suitable 
proportionality constant. The contribution made by that part of the 
crack from A to E is likewise given by 

r2asin9 fir '2 

lVi = 2-2-K A . j cos^'d(^'d,v 

The total rate of evaporation is therefore 

ra/sin 0 P2a sin 0 

IF = 1 (i — sin <f))6x + \ (l + sin <f>'} dx 

J 2 a sin 9 Jo 

From the geometry of the problem 

X sin (7r/2 — ^) = 2a sin {0 + 


or 

Therefore 


X — 2a sin 0 


Sin 9 — ^^2 _ gjj^ 0 ^ ^^2^1 


W ^ A 
= 2aA 


Cia sin 0 / 

jtr — . 2a sin ^ \ 

Jo V 

(at* — 4ax sin 0 + 4a*) v 


dx 


This means that no increase in vapour pressure occurs, no matter how 
irregular the nature of the surface provided all molecules which hit the 
solid condense. 

Condensation Coefficient less than Unity.— Let the fraction of 
molecules which condense be The problem then is to consider the 
fate of molecules evaporating from one side, part escaping, part con- 
densing and part being reflected. At each reflection a certain fraction 
escape and so contribute to the vapour pressure. 

The total rate of evaporation from the surface of the crack is 
2aA cosec 0, 
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1. 1 he amount which escapes is 2 aA and therefore the amount which 
hits the opposite wall is 2fl^(cosec 6 — i), of these only p condense. 
The remainder {i — P) 2 aA{cosec 6 — 1 ) evaporate. 

2. Of these a fraction sin ^escape, i.e,, (1 — p) 2aA(cosec 6 — i) sin 6; 
of these a fraction (l — sin 6 ) hits the opposite wall, i,e., 

(i — P) 2aA (coscc 0 — i) (i — sin 9) ; 
of these p condense. The remainder 

(l — P)^ 2 a A (cosec 9 — i) (i — sin x sin 9 

evaporate. 

3. Of these a fraction sin 9 escapes, i.e., 

(l -- p)^ 2a A (cosec 0 — i) (i — sin X sin^ 9 ; 

of these a fraction (l — sin 9) hits the opposite wall, i,e., 

(l — P)^ 2 a A (cosec 9 — i) {1 — sin 9)^ (sin^ 9) 
of these P condense. Tlie remainder 

(i - p)^ 2aA (coscc 9 — i) (i — sin 9)^ sin- 9 

evaf)orate. 

4. Of the.se a fraction sin 9 escape, 

( 1 — p)^ 2 a A (cosc(^ 9 — l) (i — sin sin® 9 
For the nth evaporation 

(l — 2 a/l (cosec 9 — i) (i — sin 9 

escape. 

I — /3, sin 9 and (l — sin 9) are all less than unity and hence the sum 
of the term.s of the serie.s converp;es to a finite magnitude. Its value is 

2a.i|i ] (i — jS) (cosec 9 — 1 } .sin 9 

, (1 — P )^ (cosec 9 — i) sin^ 9 {l — sin 9) ) 

I ^ j;iji 0 (cosec 9 — i) (i “ sin 9)) 

I he factor within the bracket has been evaluated for a number of different 
values of a and of 9 and the results are shown in Fig. 2. In the first place 
it will be seen 
that the limit.s g 
for 9 o and for 
^ — 90 arc unity. Z ' 

Even with the 
small condensa- » 
tion coefficient of 
u-i and assuming «=: , 
random distribu- '% 
tion of crack i 
angles, the va- 
pour pressure is 
only increased by ^ * 
a factor of 1*3 to 
I ’4. If, however, 
the cracks were 

numerous and their angles had a tendency to be less than say 5°, 
then the vapour pressure, on this account, would be erroneous by the 
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comparatively small factor of two. For phosphorus there is some evi- 
dence that the condensation coefficient is not much less than unity at 
temperatures from — i8o® to 15® C. The position of the deposit from 
the plate and also observations on the distribution of the red phosphorus 
opposite the filaments in the experiments described in the preceding 
paper show that the P^ molecule condenses nearly every time it collides 
with the surface provided this consists of red phosphorus. The con- 
clusion is therefore that the above described effect does not modify the 
results given in the preceding paper. 

Summary. 

An investigation has been made of the effect of cracks in a surface on 
the vapour pressure as determined by molecular distillation. It is shown 
that if the condensation coefficient is unity there is no increase in the rate 
of evaporation. If the condensation coefficient is not unity, the rate of 
evaporation is increased by a relatively small factor, e.g,, 1*3 for a con- 
densation coefficient of 0*1. 

The author is indebted to Dr. J. K. Roberts for critical discussions on 
this and on the preceding paper. 

Laboratory of Colloid Science, 

The University, 

Cambridge. 


THE EFFECT OF OXYGEN ON THE CLEAN UP 
OF PHOSPHORUS VAPOUR BY TUNGSTEN 
FILAMENTS. 

By H. W. Melville and S. C. Gray. 

Received 27th April, 1936. 

The kinetics of the clean up of phosphorus vapour by hot tungsten 
filaments have been described in a previous paper.^ It appears that the 
mechanism of the reaction is the dissociation of P4 molecules into P2 
molecules on the tungsten surface, the P2 molecules then condensing to 
red phosphorus on diffusing to and striking the walls of the containing 
vessel. The present paper is concerned [a) with the effect of oxygen on 
the dissociation of P4 molecules on tungsten, and (b) with an attempt to 
determine the nature of the heterogeneous reaction on tungsten which 
initiates chains in P4 — O2 mixtures.* 

These latter experiments were mainly concerned at that time with 
establishing the essential features of this type of heterogeneous-homo- 
geneous reaction, the heterogeneous part of which is zero order witli 
respect to the phosphorus and oxygen concentrations. It was pointed 
out, however, that it is not possible for the chain initiator to be atomic 
oxygen nor an oxide of tungsten on account of the low filament tempera- 
ture (max. 750° K.). The following possibilities are still open: — 

(a) The P4 molecule collides with the tungsten surface, which may 
or may not have been affected by the addition of oxygen and dissociates 

^ Melville and Gray, Trans. Faraday Soc., 1936, 32, 271. 

Melville and Ludlam, Pror. JRoy. Soc., A, 1932, 135. 315. 
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into two Pj molecules. These latter react with oxygen thereby starting 
the chain. The rate of the initiation reaction would therefore be first 
order with respect to the phosphorus pressure, since the dissociation is 
also a first-order reaction. 

(b) Phosphorus and oxygen are both strongly adsorbed on tungsten, 
and react together, giving rise to a lower oxide of phosphorus, which 
evaporates and reacts with the oxygen to initiate the chain. The condi- 
tions before evaporation may be regarded diagrammatically as 

W—P 

I 

W— O 

(c) The tungsten surface is completely covered with a film of oxygen 
atoms wliich prevents dissociation of P4 molecules. The latter, however, 
are adsorbed on top of the oxygen, and occasionally the P4O complex 
evaporates, the empty space being immediately occupied by another 
oxygen atom. This may be represented as W — 0 — P. 

(d) The inverse of (r). Phosphorus is so strongly adsorbed on tung- 
sten that oxygen does not displace it, but is adsorbed on top. The 
evaporation of a lower oxide again initiates the chain : W — P — O. 

Experimental. — The apparatus was identical w'ith that used pre- 
viously, the only addition being an oxygen reservoir. The Pirani gauge 
was separately calibrated for oxygen. 

Results and Discussion. 

The first pc.)int to be considered is the activity of a delil>erately oxidised 
tungsten filament towards the dissociation of P4 molecules upon it. In a re- 
action vessel of 157 c.c., fitted with a filament o*i mm. in diameter and effec- 
tive length 90 mm., the half-life of phosphorus vapour at a pressure of 0-0194 
mm. and temperature 635"^ was 3 5 min. On pumping out the phos- 
phorus, admitting oxygen to 0-05 mm. pressure and heating the filament 
to 830° C., the oxygen pressure fell to 0-043 The oxygen was pumped 

out and pho.sphorus admitted. The clean up could not be measured, 
there being no detectable pressure change (10 mm.) in 7 min. The 
filament had to be heated in vacuo to 1800° C. for 30 min. before the half- 
life of the phosphorus vapour returned to its previous value — 3-4 min. 
Heating the filament in 0*04 mm. O, for 3 min. at 830^ again inhibited the 
dissociation of the P4 molecules, the activity being completely restored on 
heating the filament to 1800^ for 40 min. These experiments show im- 
mediately that covering the tungsten with a film of adsorbed oxygen 
atoms ** completely inhibits the dissociation of P* molecules, since the 
cause of inhibition is only removed at temperatures above 1800® C. This 
constitutes further evidence, in addition to that cited in the previous paper, 
that the dissociation is a specific chemical reaction. 

The next sequence of experiments was carried out to answ^er the 
following questions : — 

(1) Does the tungsten become appreciably oxidised if heated in oxygen 
alone to a temperature at vrhich clean up of P4 is normally measured ? 

(2) Does the surface of the tungsten become oxidised as a result of the 
occurrence of the heterogeneous reaction responsible for starting chains in 
P4 -- O a mixtures ? 

(3) Is it possible to dissociate P4 molecules on an oxygen covered 
tungsten surface at a high enough temperature ? 

Langmuir and Villars, J. Amer. Chem. Soc,, 1932, 53, 486; Roberts, 
Proc. Roy. Soc., A, 1935, 152, 4OD. 
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The tungsten filament was first cleaned by heating to 1800® C. for 
40 min. At a filament temperature of 635'’ C., the half-life of phosphorus 
was 6*0 min. 0-0178 mm. of oxygen were added and the tap connecting 
the reaction vessel and the phosphorus reservoir kept open in order to 
maintain the pressure of phosphorus vapour at a constant value during 
the run. After 20 min. 0*012 mm. O, had been used up. The half-life of 
oxygen was therefore 15 min., since the rate of oxidation is first order with 
respect to the oxygen pressure,* which is more than twice that of the 
phosphorus at the same filament temperature. The reaction \'essel was 
pumped out and a run with phosphorus yielded a half-life of 5*9 min. 
0-0234 U, were then admitted alone to the reaction tube. The 

pressure fell to 0-0299 after keeping the filament at 635® C. for 21 min. 
The oxygen was pumped out and it was found that the half-life of the 
phosphorus had increased to 11-2 min. After heating the filament to 
1800® for 36 min. in vacuo the half-life returned to 4*8 min. The filament 
was once more poisoned. The temperature was then raised and at 890® 
the half-life of the phosphorus was i*8 min., the calculated value for a 
clean filament being o-o6 min. On reducing the temperature to 635'^, the 
half-life could not be measured. Finally, heating the filament to 1800° 
restored its former activity the half-life of phosphorus returning to the 
value 6*1 min. at 635.° 

The conclusions to be drawn from these experiments are the following. 
Oxygen may poison the filament at temperatures normally used for cleaning 
up phosphorus, but when phosphorus vapour is present and the chain 
reaction between P4 and O, proceeds, the filament is in some way not 
subject to attack. The possibihty of starting chains by reactions (b) and 
(c) is therefore ruled out. In order to explain the fact that phosphorus 
prevents oxidation of the filament, it would be necessary to as.sume that 
at these temperatures, phosphorus is more strongly adsorbed on tungsten 
than is oxygen. Again, since the rate at which oxygen disappears is /ess 
than that at which P4 molecules are dissociated, the chains cannot be 
started by P, molecules, for, in this circumstance, the rate at which 
oxygen would be consumed would be equal to the rate of dissociation 
multiplied by the chain length which is about 5 under the experimental 
conditions employed above.* That is, the half-life of oxygen would have 
been 1-2 min. compared with 15 min. observed. These experiments rule 
out scheme (a) on p. 1020. It seems, therefore, that (d) is the only possible 
mechanism, namely that the orientation of the phosphorus-oxygen layers 
each of which must be saturated to conform with the zero order of the 
reaction, is diagrammatically W — P — O. 

The Interaction of Phosphorus Vapour with an Oxygen -Covered 

Filament. 

With the clean filament the half-life of phosphorus vapour was 5*9 min. 
On heating to 850® in oxygen at 0-0404 mm. for 10 min. the oxygen pressure 
fell to 0-0174 ^rn- Table I. shows the sequence of runs carried out with 
the filament in this condition. 

First the temperature had to be raised to 1300® K. before appreciable 
clean up could be measured. At 1030® it was faster, but oti returning to 
1273® the half-life had fallen from 5-8 to 0-9 min., showing that part of the 
oxygen film is removed, but not sufficiently to allow of the half-life being 
measured at 908®. As may be seen from experiments 5-1 1, when the 
temperature is maintained at 1163® the half-life decreases at each run 
showing that the oxygen film is being progressively removed. Even eight 
runs at 1163® are not sufficient to remove the oxygen, since in experiment 
1 1 the half-life is greater than 60 min. Sufficient oxygen had been removed 
to permit of the half-life being measured at 993® and a series of experi- 
ments (12-19) carried out in the neighbourhood of this temperature showed 

^ C/. Semenoff, Kinetics, p. 1 79 et seq. 
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TABLE I. — Filament Covered Initially with Atomic Oxygen. Area of 
Filament, 0*282 cm.* Vol. of System, 157 c.c. 


No. 

Temp. ® K. 

Half -Life Min. 
mm. 

Half-Life for 

Clean Filament. 

Fraction of 
Surface Clean. 

I 

1273 

5 « 

0*038 

o*oo66 

2 

1303 

0*9 

003 1 

0035 

3 

1273 

0*9 

0*038 

0*042 

4 

908 

> 60 

6*0 



5 

jit>3 

8.7 

o*o8i 

0*01 

6 

1163 

5 -^ 

o*o8i 

0*014 

7 

1163 

4-3 

o-o8i 

0*019 

8 

1103 

2*3 

oo8r 

0*035 

9 

1 1 03 

1*6 

o*o8i 

0*051 

10 

1 103 

1*0 

o*o8i 

0*081 

11 

yo8 

> <>0*0 

6*0 

— 

T2 

093 

^7 5 

0*7Q 

0*045 

13 

093 

* 5*2 

0*79 

0*052 

14 

093 

14*0 

0*79 

0*057 

15 

1033 

6*8 

0*35 

005 1 

J (> 

i 073 

2*5 

0*21 

0*084 

17 

993 

1 1*6 

0*79 

o*o6S 

iS 

1013 

71 

0*52 

0*073 


that several clean up experiments could be made without affecting the 
oxygen layer very much. A further series of experiments is shown in 
Fig. I, where log is graphed against i/7\* log ,o€ is the efficiency of 
collisions of P4 with the sur- 
face resulting in dissociation. 

It will be observed that there ^ 
is not much systematic devia- 
tion of the points from the 
line, and hence oxygen is not 
removed from the surface of ^ 
the tungsten. The numbers 
refer to the order in which the 
runs were made. The slope 
of the line corresponding to an 
apparent energy of activation j 
of 27 k. cal. On the same 
diagram the log 10 € — i/T 
curve is shown for a clean 
filament, the slope of the 
curv^e in the temperature 4 
region employed in the above 
experiments corresponding to 
ail apparent energy of acti- 
vation of 30*0 k. cal. 

It therefore appears likely that any clean up by a partially covered 
<^xygen surface is due mainly to the dissociation of P4 molecules on bare 
portions of the tungsten. Assuming this to be the case, a calculation 
^nay be made of the fraction of the surface which is clean, in the following 
^ay. From the upper curve of Fig. i the half-life for the clean up at 
^ny temperature may be calculated if it is measured at only one tem- 
perature. The values (f*") for the present system are shown in column 4 
of lable I. The ratio of the value on a clean surface (ti*) to that on a 
partially oxidised surface (4') is shown in column 5. This, then, is the 
fraction of the surface free from oxygen. It will be seen that the extent 
of the clean surface gradually increases at temperatures above ii<X)*^, 
whereas at 950° the fraction of the surface clean remains substantially 





1024 


THE CLEAN UP OF PHOSPHORUS VAPOUR 


constant. An approximate estimate may also be made of the collision 
efficiency for the removal of oxygen atoms by P^ molecules. In experi- 
ments 5-n VW increased from 0*009 to o*o8i, which corresponds to 
the removal of 9*2 X lO^* atoms of oxygen, since there are 4 X lO^* 
atoms per cm.* in a complete film. During this time, about o*i mm. of 
P4 vapour was cleaned up. The total number of collisions of P4 with 
the oxygen covered surface is, assuming a mean pressure of 0*015 mm., 
and a total time of 24 min., I*l X lO*^, yielding a collision efficiency of 
8*4 X iO“*, compared with 4 X I0~* for the dissociation of P4. At 
1300® the number of O atoms removed by 4*7 X lO^* colliding molecules 
of P4 is 3*9 X 10^®, the collision efficiency being therefore 8*3 X I0~*. 
The temperature coefficient for the removal of 0 atoms thus corres- 
ponds to an energy of activation of 46 k. cal., which is considerably 
greater than that for the clean up on a bare surface. 

If these assumptions are true, then the P4 clean up may be used to 
measure the fraction of a tungsten surface which is bare when the greater 
part of it is covered with oxygen. Such a method is complementary to 
that in which caesium is employed to detect the presence of small amounts 
of oxygen on a relatively bare surface.® 

Further Experiments on the Hetero- homogeneous P4 — O, Reaction. 

The next experiments were made to find what effect the unifilm of 
oxygen atoms had on the initiation of chains in P4 — O, mixtures. With 
the clean filament the half-life of the P4 at 635® C. was 6*7 min. The hetero- 
homogeneous reaction was followed in a manner slightly different from that 
used previously. Oxygen was admitted first, followed by the phosphorus 
and the pressures measured on the Pirani gauge. At the end of the run the 
P4 was condensed out, the ^01 measured, 0| pumped out, P4 evaporated 
and its pressure determined. The data are given in Table II., two clean 
up runs being made in between the oxidation experiments to make sure no 
oxidation of the filament had occurred. 



TABLE 

11 . 



Time or Experiment, 32 Min. 


Of initial 
Of final 

0-0147 

0-0049 

9 min. 

0, : P4 (used) 
for clean up at 635 

P4 initial 

P4 final 

0-95 ' I 

® C. ~ 57 min. 

0-0140 

0 * 002 (> 

13*2 


Time or Experiment, 33 Min, 


0, initial 
0, final 

w 

0*0181 

0*0040 

14*2 

0, : P4 (used) 

P4 initial 

P4 final 

<*(1*4) 

2-24 : I 

0-0087 
0-0024 
. i7-f^ 


The first point to note is that no appreciable poisoning of the filament 
occurs during an oxidation run, second, the half-life of the oxygen is much 
greater than that of the clean up, and finally the O* : P4 ratio of the reacting 
gases is lower than that corresponding to the formation IPiOio, or even of 
FiO*. The lower the phosphorus pressure, however, the higher is this 
ratio. In addition to the oxidation, there is considerable deposition of 
red phosphorus which means that besides supplying molecules to initiate 
the chains, the tungsten can still catalyse the dissociation of P4 molecules, 

* Langmuir and Villars, /. Amer, Chem. Soc., 1931, 53» 495* 
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If it be assumed that the trioxide is formed in the first experiment,* 
then the O* : P4 ratio should be 3:1, which would imply that about 
60 per cent, of the P4 molecules which are used up are deposited as 
red phosphorus. From these results a maximum value for the collision 
efficiency of the reaction P^ -f O, may be computed. The probability 
of a P, molecule reaching the walls is where A is the mean free 

path and L is the distance the molecules diffuse in the mixture, namely 
I cm. The mean pressure during the experiment is 0*02 mm., and if 
the mean free path is taken to be 3 mm. = 0*037, * ^ ^ 3*7 

per cent, of the P* molecules reach the w^alls w'ithout making a collision 
with Oj. Taking the diffusion coefficient of the mixture to be 5*7 x 
10* cm*/sec., and the mean velocity of the molecules 4 x 10* cm. /sec., 
then the number of collision on diffusing to the waUs is about 20, which 
therefore limits the collision efficiency to a maximum value of 0*05. The 
higher the pressure of the oxygen the smaller is the probability of red 
phosphorus being deposited on the walls, as is seen by the fact that the 
Oj, : r% ratio increa.ses to 2*24. 

On poisoning the hlament once more by heating to 830° C. for 3 min. 
in presence of 0*05 mm. O,. the half-life could not be measured, nor could 
any oxidation (< 10 mm.) be detected in ii min. at 635"^ C. Heating 
the filament in vacuo to 1800° C. restored its former activit\% the half-life 
of phosphorus lacing 5-9 min. Hence, not only does a film of atomic 
oxygen inhibit the dissociation of P4 molecules, but also the formation of 
molecules requisite for initiating chains. At high enough temperatures — 
830*^ C. — e^'en an oxygen covered filament cleans up both P4 and Oj, but 
the fraction of the reaction which goes by way of chains was not measured. 

Summary. 

rhe ertect of oxygen on the clean up of phosphorus vapour by hot 
tungsten filaments has l>een investigated with the following results. 

C overing a filament with a layer of O atoms completely inhibits the 
dissociation of P* molecules ujxm it. At high enough temperatures an 
oxygen covered filament catalyses the dissociation, the oxygen film being 
simultaneously removed. At lower temperatures the oxygen film is no 
longer removed, a fact which permits a determination of the apparent 
energy of activation for clean up. This agrees with that for a clean 
filament, and hence it is concluded that the dissociation on a partially 
oxidised filament occurs wholly on the clean tungsten surface. 

I'urther investigation has also been made of the hetero-homogeneous 
reaction Ixjtweeu P4 and O, in presence of tungsten. Measurement of the 
half-hfe for the P4 ~ O, reaction and for the P4 clean up, show' the former 
to l>e much slower thus excluding the hypothesLs that chains are started by 
the P2 molecules from the dissociation of P*. Covering the tungsten with 
a uniiilni of O atoms also inhibits the o.xidation. At the temperatures 
Used in these experiments, about 700^ C., oxygen alone rapidly covers the 
surface with oxygen atoms. In presence of phosphorus, however, this 
poisoning is practically prevented. It is therefore concluded that in the 

— O2 reaction the tungsten surface is covered with a layer of phosphorus, 
<»n tt)p of w^hich are oxygen atoms or molecules. The evaporation of a 
lower oxide from this composite layer initiates the stable chain reaction. 

One of the authors (H. W. M.) is indebted to the Royal Commis- 
i^ioners for the Exhibition of 1851 for a Senior Studentsliip during the 
tenure of which these experiments were carried out. 

Dept, of Colloid Science, Che^nistry Department, 

Cambridge. University of Edinburgh. 

® Actually there is evidence that involatile P4O10 is deposited, cf. in this 
connection Semenoff, Kinetics^ p. 165. 



THE VAPOUR PRESSURE OF RED PHOSPHORUS. 

By H. W. Melville and S. C. Gray. 

Received 2 ’]ih Aprils 1936. 

The vapour pressure of a substance may be determined by two general 
methods, {a) direct manometric measurement of the pressure when the 
material is enclosed in a box, a variation of this method of especial 
importance at low pressures is to measure the rate of effusion of the 
vapour from a small hole in the box ; {b) determination of the rate of 
evaporation in vacuo and subsequent calculation of the vapour pressure 
by means of the effusion equation, assuming that the condensation coeffi- 
cient of the molecules or atoms is unity. Where comparison can be 
made these methods give results in agreement, provided that com- 
plications due to association or dissociation of the vapour arc absent. 
When there are abnormalities of this nature a comparison of the two 
methods may then give some clue as to the mechanism of condensation 
and evaporation occurring at the interface. 

The vapour pressures of (red) phosphorus, arsenic and to a smaller 
extent antimony are abnormal in the sense that the value of Trou ton’s 
constant calculated from the vapour pressure is unusually high, c.g., 
37*4 for red phosphorus. Alternativx*ly the vapour pressures arc high 
compared with those calculated from the latent heat of vaporisation and 
using Trouton’s constant to compute the integration constant of the 
vapour pressure equation. The vapour pressure of white phosphorus 
however is normal. From density measurements the vapour above 
white and above red phosphorus consists of P4 molecules, which would 
imply that P4 molecules condense on and evaporate from the surface of 
red phosphorus. In another paper ' it has been shown that if P2 mole- 
cules impinge on a red phosphorus surface they condense to form reo 
phosphorus, no combination to P4 occurring. It w^as also suggested 
that Pg molecules evaporate from red phosphorus. The explanation of 
the abnormally high vapour pressure is then simply that in a closed 
system Pg molecules evaporate from red phosphorus but as they accumu- 
late the P4 2P2 equilibrium is established and since this lies almost 
wholly on the P4 side, the observed pressure is mostly due to P4 molecules. 

The object of the present paper is to show that only P* molecules 
evaporate from the surface of red phosphorus in vacuo and that com- 
putation of the vapour pressure employing the molecular distillation 
technique gives values much lower than those obtained by the static 
method, this in turn yielding a more normal value for the Trouton con- 
stant. As will be seen below these expectations are realised and hence 
the conclusion is that only P2 molecules are concerned in the evaporation 
and in the growth of red phosphorus. 

Experimental. 

The apparatus used consists essentially of two parts : one (I.) in which 
the phosphorus deposit is prepared and the other (II.) in which evaporation 
is carried out. The arrangement for depo.sition is shown in Fig. t and m 

^ Melville and Gray, Trans. Faraday Soc., 1936, 33, 271. 
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detail in Fig. la. A tungsten filament F is placed opposite the plate holder 
P. The glass plate upon which the red phosphorus is deposited is carried 
in this nickel wire holder. In order to define precisely 
the area of deposit a mica screen with a rectangular 
opening is fixed on the side of the plate facing the 
filament. Preliminary experiments showed that if the 
red phosphorus were deposited on a smooth glass 
surface then on heating in the apparatus in Fig. 2 
the film invariably peeled off. This difficulty was 
overcome by lightly grinding the plate w^hen the 
phosphorus formed a strongly adherent layer. Ap- 
paratus II. is e.ssentiall3^ a pyrex bulb of 750 c.c. 
fitted with a re-entrant tube with a flat bottom on 
to which the phosphorus was received. This was 
partially filled with liquid air. About i cm. from the 
surface of the liquid air trap, the furnace for carrying 
the glass plate was supported by two i mm. nickel 
wires which als^) served to carry the current for heat- 
ing the furnace. A supp^>rt S kept the furnace 
assembly in position. The current leads finally 
passed out at a pinch seal which also carried the leads 
for the small platinum platinum-rhodium thermo- Fig. i. 

couple. The details of the construction of the 
furnace are shown diagrammatically in Fig. 2a. A flat iron plate 
-’3 13 < 2*5 mm. served Jis a base on which the glass plate rested. 

The furnace itself consisted of a sheet of mica 
wound with nichromc wire, the whole being 
insulated with mica and finally enclosed in 
nickel sheet. This assembly was tightly 

a - fixed to the iron plate by i mm. nickel wire. 
The glas.s plate w as held in close contact with 
j the iron plate by springs of molybdenum wire 
^ 0’3 mm. in diameter. The thermocouple leads 

Fig, 2a. were run through twin bore silica tubing 

stretching to within a few mm. of the plate, 
i'he wires w^ere 0 05 mm. thick and the junction itself w^as enclosed in a 
minute glass bead just sufficient to coat the w ires. It was held in position 
by a molybdenum spring. Many attempts were made to fuse the glass bead 



Fig. zb. 





containing the junction on to the glass plate, in order to obtain good thermal 
contact, but this was always attended by cracking of the plate once the 
temperature of the furnace was raised to about 400® C, The e.m.f. of the 
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couple was measured by a millivoltmeter. The construction of the furnace 
in this wa^'' gave a fairly even distribution of temperature over the surface of 
the plate according to visual observation when it was run red hot. It will 
be seen from the diagrams that the red phosphorus deposit only occupies 
the central portion of the plate. However, an exploration of the surface 
temperature was made by placing the thermocouple at various positions 
in the area occupied by the red phosphorus with a fixed current in the 
furnace windings. Even at the edge of the glass plate, the temperature 
was not more than 5® lower than that at the middle. Evaporation (runs) 
carried out with the couple in different positions gave the same values for 
the vapour pressure. In one or tw'o of the distillations there was evidence 
that some white phosphorus was produced and it therefore became neces- 
sary to estimate its weight. For this purpose a glass spring gapge and an 
oxygen reservoir was attached to the evaporation bulb in order that a 
small quantity of oxygen could be admitted and the absorption by the 
oxidation of the white phosphorus noted. 

This was the final form of the apparatus. The following arrangements 
were tried but w^ere discarded. A movable filament system was introduced 
into the evaporation bulb in order to deposit the red phosphorus on the 
plate without having to remove the glass plate. This was unsatisfactory 
because the red phosphorus was sometimes deposited on the sides of the 
bulb and on the liquid air trap itself. The plate was also heated by radia- 
tion using a furnace consisting of several spirals of tungsten backed by 
a nickel reflector. Temperature control was difficult, the wire having to 
be run at 2000° C. and the whole bulb got unduly hot. Attempts to use 
a bifilar suspension for observing the change in weight of the plate were also 
abandoned. 

Results. 

The procedure for carrying out a run was as follows : A clean ground 
plate (weight 0‘i-o*2 gm.) weighed on a micro-balance to 10 gm. was 
fixed in the holder shown in Fig. la and inserted in the deposition apparatus. 
After pumping out for several hours, phosphorus vapour w^as admitted to 
a pressure of 0*02 mm. and the deposition commenced by heating the 
filament. Deposition of i mgm. on i cm.* required about 12 hours, the 
pressure of phosphorus being maintained at 0-02 mm. The plate was then 
removed and weighed. To make sure that no appreciable volatilisation 
(jf the phosphorus occurred and also that no oxidation had taken place 
during its transference from apparatus I, to IL, the plate was reweighed 
24 hours afterwards. Invariably the weight was within 10 gm. of that 
previously recorded. Had there been evaporatic*i, there would have been 
a decrease in w^eight ; oxidation would have led to an increase. 

The furnace having been previously outgassed, the plate was placed 
in position and after evacuation of the bulb, liquid air was run into the 
tube. During evaporation, which occupied i to 3 hours, *Xhe pressure in 
the bulb did not rise above 10 mm. The mean tree pat * of the P, mole- 
cule is about 50 cm. at this pressure and since the molecule has only to 
traverse a distance of i cm,, the chance of its colliding with other molecules 
on the way is small. Re weighing the plate completed the experiment. 

Experiments were also made with blank plates to make sure that the 
plate itself did not decrease appreciably in w^eight. The weight of the 
plate was about 0-2 gm. At the highest temperatures a decrease of 
I — 2 X 10 gm. was the largest recorded. 

Another check, though less accurate, was made in the following way. 

A small circular deposit, 3 mm. in diameter was formed on the plate and 
the evaporation carried out in the usual manner. On account of the cosine 
law of evaporation, the deposit on the liquid air-cooled surface thins out 
towards the edges with the result that a set of Newton's rings develops on 
the liquid air-cooled surface. Four rings could be observed and frona 
their diameter an approximate estimate could be made of the weight of 
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the red phosphorus collected, assuming the refactive index to be 1*5. 
This agreed within 25 per cent, of that determined by direct weighing. 
Furthermore this allowed of a continuous observation of the rate of 
evaporation. 

Typical results are shown in Table I. Experiments 4 and 7 were second 
evaporations from the same plate. The vapour pressures in the sixth 
column of the Table were calculated from the Herz-Knudsen equation 

p = 

where p is the pressure in millimetres of mercury, M is the molecular weight 
of the vapour and m the mass in grams evaporating per sec. per cm.* of 
surface. The following two assumptions were made (a) that the con- 
densation coefficient of P, molecules on red phosphorus is unity, and (t) that 
the effective surface is equal to the projected geometrical surface. The 
vapour pressure of red phosphorus determined by the static method is 
computed from the formula 

log,o^(mm.) --- — 1 1 -061. 


It will be observed that the new values are considerably lower than the 
older data, which is in accord- 
ance with the introductory 
statements. In Fig. 3, logic p 
(mm.) is plotted against i/7\ 
this giving a straight line with 
a slope corresponding to an 
energy of evaporation of 20 
kg, cal. — not much lower than 
25-6 kg, cal. from the tem- 
perature coefficient of the 
pressure of P4 molecules 
above red phosphorus. The 
extrapolation required to cal- 
culate Trou ton 's constant 
from the new' data is so large 
that no quantitative use could 
be made of the calculation. 

In a qualitative w^ay however 
it i.s obvious that the smaller 
vapc>ur pressures would give 
a smaller value for Trouton’s 

constant than that (37*4) derived from the data quoted in the last column 

of Tabic I. 



T.\BLE I. 


No. of 
Experi- 
ment . 

Temperature 
of Evap- 
oration, ^ C. 

Area of 
Evaporation, 

cm,*. 1 

Wei^t 

Evaporation, 

gm. 

Time of 
Evapor- 
ation, min. 

Vapour 
Pressure, mm. 

Vapour Pres- 
sure Static 
Method, mm. 

1 

4 So 

I'lZ 

0*00049 

8 

55 

X 

10 -« 

3490 

2 

410 

1*12 

OOOO40 

60 

6*6 

X 

IO-« 

630 

3 

400 

1*20 

0*00048 

60 

! 6-4 

X 

lO*”* 

480 

4 

400 

X-20 

o*ooo66 

60 

8*8 

X 

10 “• 

480 

5 

350 

1‘20 

0*00022 

62 

2*7 

X 

IO~* 

102 

0 

350 

1*20 

0*00028 

02 

3*5 

X 

lO"* 

102 

7 

350 

1*20 

0*00010 

21 

! 3 t) 

X 

10-* 

102 

8 

305 

112 

0*00016 

i 

124 

j 1*0 

X 

IO’"« 

21*5 
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After some of the evaporations, oxygen was admitted to the evaporation 
bulb, the tap to the pump having b^n closed and the liquid air allowed 
to evaporate. Sometimes a momentary flash due to the oxidation of white 
phosphorus was obtained, but the amount of oxygen consumed indicated 
that less than 5 per cent, of the total phosphorus evaporated consists of 
P4 molecules. The presence of white phosphorus was most pronounced 
when the evaporation was carried out with a clean liquid air-cooled surface. 
After the latter had become covered with red phosphorus practically no 
white modification could be detected. It would seem therefore that only 
a fraction of the P, molecules tend to combine on striking a glass surface. 
This is in agreement with previous observation on the clean-up of phos- 
phorus vapour. Reproducible and constant results were only obtained 
when the surface of the reaction vessel had become covered with h uniform 
film of red phosphorus. 

Summary. 

A redetermination of the vapour pressure of red phosphorus has been 
made by evaporation in a vacuum. Application of the Herz-Knudsen 
effusion equation to the results gives values for the vapour pressure about 
10’ times lower than the normal static method. The new values are given 
by the equation 

Iog,oi> (mm.) = - I-I. 

The reason for the discrepancy is due to the fact that although P, molecules 
condense on and evaporate from red phosphorus, the equilibrium P4 ^ 2P, 
is set up in a closed system. At temperatures normally employed the 
equilibrium is almo.st wholly on the P4 side and hence in the static method 
the pressure is due almost wholly to P4 molecules. In the molecular dis- 
tillation method no opportunity is given to the molecules to combine to P4 
and therefore the apparent vapour pressure is much smaller. 


Erratum. 

In the first paper of this series * the heat of transformation of white to 
red phosphorus was erroneously taken as 4 kg. cal. per gram molecule 
(P4) whereas in fact this value refers to the gram atom. This alters slightly 
the calculation of the heat of desorption of P»{Ap^) from red phosphorus, 
see page 274 loc. cit.^ Taking the heat of dissociation of P4 to 2 P, to be 30 
kg. cal. then 

Apj = 29‘8 kg. cal. from the thermo chemical cycle 

and 27*9 kg. cal. from the apparent heat of evaporation of red 
phosphorus. 

The corresponding values if P4 2P* is 50 kg. cal. are 39-8 and 37*8 kg. cal. 
respectively. The agreement between the two methods of calculation 
is even better than that formerly obtained. 

The authors are indebted to Professor E. K. Rideal and Dr. E. B. 
Ludlam for critical discussions during the progress of this work. One 
of them (H. W. M.) thanks the Royal Commissioners for the Exhibition 
of 1851 for a Senior Studentship. The experiments were made in the 
Chemistry Department of the University of Edinburgh. 


Laboratory of Colloid Science, 
Cambridge. 


Chemistry Department, 
University of Edinburgh, 



KINETICS OF SIMULTANEOUS POLYMERISATION 
AND RING FORMATION. 

By M. Stoll. 


Received 6th May^ 193 ^. 


In a recent article ^ on this subject, it was stated that the velocity 
constant measured between the limits of lO and 70 per cent, conver- 
sion, corresponds to the purely monomolecular ring closure reaction, 
even though 25-35 per cent, of polymers are formed at the reaction. 
This conclusion is based on a second statement, unsupported by any 
experimental data, according to which “ the essential part of the 
secondary polymers is formed between the limits of 60 and 100 per cent, 
conversion.” 

In contrast to this, we have shown, as a result of numerous experi- 
mental researches described and discussed in detail elsew’here,* that the 
determination of the velocity constant in a monomolecular ring-closure 
reaction (on the basis of changes in the functional groups and in those 
cases where it leads to rings of more than six members) is unequivocal 
only if no polymers can be traced, even if the reaction seems to be a first 
order reaction with a velocity independent of the initial concentration. 

A reaction of the first order, or a reaction velocity independent of the 
initial concentration is, therefore, no proof at all that the reaction has 
proceeded as in infinite dilution. On the contrary, it seems to be typical 
of ring-closure reactions that, between the limits of 10 and 70 per cent, 
conversion, they are always of the first order, even if they depend on a 
previous bimolecular reaction.* 

The velocity of polymerisation cannot, moreover, be estimated from 
a graphic representation of the reaction velocity ; for, if the polymerisa- 
tion is a primary one, it can only take place at the beginning of the 
reaction, up to about lO per cent, conversion.* At this stage, however, 
the chances of error are highest and graphical appreciation is therefore 
inaccurate. If, in addition, a secondary polymerisation should occur, 
even this approximate appreciation becomes impossible. On the one 
hand, the primary polymerisation, as several experiments have shown, 
tends to reduce the reaction velocity after 10 per cent, conversion *• * 
and, on the other hand, the secondary polymerisation (which, as we 
seek to prove below, reaches its highest velocity at about 50 per cent, 
conversion) increases the velocity between 30 and 70 per cent, conversion. 
In these circumstances, any attempt at determining the velocity constant 
graphically, must be considered illusory. 


G. Salomon, Trans. Faraday Soc., 193b, 32, 169. 

M Stoll, A. Houv6 and Stoll-Coratc, Helv., 1934. 17, 1289 ; 1935. ^087. 

. Stoll and A. Konv^, Helv., 1936, 19, 253. 

J/M., 2935, , 8 , 1097. 

Loc. ctt,» pa^re 1297. Table III. 
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Consider the case • where the ring closure product B reacts with the 
starting material A, and forms a secondary polymer AB. The velocity 

of this secondary polymer reaction, will depend on the concentra- 

tion of the starting material Cj^ and on the concentration of the ring 
dC 

closure product = k^X The velocity will be 

highest when the product of the two concentrations reaches a maximum. 
Since + Cg = lOO — ^AB» this will be the case when 


If the maximum should occur at 6o per cent, conversion, then the con* 
centration of the secondary polymers must have reached 20 per cent, of 
the starting material. Moreover^ if the reaction yields {at complete con- 
version) 25-35 per cent, polymers, then they have been mainly produced 
before 60 per cent, conversion (conversion = lOO — C 


TABLK I. 


c^. 

Cb- 

Cbb- 

Difference, 


100— C^. 

100 

0 

0 


0 

0 

87 

10 

3 

3 

870 

13 

72 

20 

8 

1 

5 

1440 

2d 

56 

30 

14 

6 

1680 

44 

50 

34 

16 


1700 

50 







40 

40 

20 

4/ 

1600 

60 

25 

50 

23 

5 

1250 

75 

II 

60 

29 

4 

660 

89 

0 

68 

32 

3 

0 

100 


From this and from Table I. (which is merely schematic), it follows 
that the highest velocity of formation is found, not between the limits of 

« In order to explain the formation of appreciable quantities of polymers AB 
during the cyclisation reaction of bromamjnes, G. Salomon ^ considers only one 
of the two possible reactions 


2Br(CH,)^H, 


l_l 


\ 

MI (C 




I I 

We are of the opinion, that it is impossible by means of kinetic 
exclude entirely one or the other of the two reactions. It is most probable, tna 
the two reactions proceed simultaneously, a fact which cannot be without it 
influence on the monomolecular velocity constant ki. 
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60 and 100 per cent., but between 25 and 75 per cent, conversion. The 
velocity constant measured between lO and 70 per cent, conversion, 
therefore contains to a large extent also the velocity constant of the 
secondary polymer reaction. 

Moreover, if one takes into consideration the fact that the occurrence 
of a primary polymer reaction, which would take place mainly in the 
first phases of the reaction (o-io per cent, conversion) cannot be excluded 
(for the reasons mentioned above) ® it becomes clear that the velocity 
constant of a reaction in which an appreciable quantity of polymers is 
formed, cannot in any way be considered as representing the velocity 
constant of the monomolecular ring formation. There is therefore no 
sufficiently accurate foundation for any mathematical treatment or 
general consideration of the ring-closure problem (more especially the 
calculations of the Arrhenius constants) ^ based on such an assumption. 

Knowing that it was practically impossible to obtain pure velocity 
constants for ring-closure reactions, we introduced some time ago ® the 
“ cyclisation constant,’* i.e, the quotient as a measure of the facility 
of ring formation. 

If c is the concentration of the starting material, and V the quotient 
[monomeric ring-closure product) / (total primary polymers) at complete 
conversion, then the cyclisation constant kilk2 is determined by the 
equation * 



y . f k. 
I + * ^1 


and can readily be obtained by a quantitative analysis of the reaction 
products. Again, in this case, however, the determination of the 
cyclisation constant, is limited to ring-closures for which the primary 
monomolecular reaction product is stable, and does not undergo any 
important transformation, as, for instance, do the cyclic imines. 


Research Laboratory of Chuit-Naef & Co., 

Firmenich & Co. Successors, 

Geneva, 

’ Loc cit.^ As thr yield of the cyclisation of hexamethylenbromamine in 
0 005 molar aqueous solution does not reach 100 per cent., it apjxjars most prob- 
able that the too high activation constant (G. Salomon, loc. cit.^) is due. not to 
a particularly high probability of the ring jx>sition but, rather, to an “ impure " 
monomolecular velocity constant, and this in spite of the concordance between 
the calculated and observed values. 

* M. Stcll, A. Kouv^6 and G, Stoll-Comte, loc. cit.^ p. 1292 ; loc. cit.,* p. 1099. 


THE EXCHANGE OF DEUTERIUM BETWEEN 
DEUTERIUM HYDROXIDE AND ETHYL ALCOHOL. 

By W. J. C. Orr. 

Received lith May, 1936. 

It has generally been supposed that the exchange reactions of dcu- 
ftirium between water and the alcohols are very rapid. Some preliminary 
t'iilculations indicated that the rate might, in neutral solutions, be open 
^0 observation, and at the outset several attempts were made to follow 
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the progress of the reaction : C^HjOH + HOD % CjHjOD + HOH 
by means of such physical properties as refractive index, viscosity, and 
electrical conductivity in the presence of dilute acid. No significant 
changes were observed, from which it was concluded that either the 
change in property observed was very small, or the reaction very rapid. 
Attention was then turned to the determination of the equilibrium con- 
stant of the reaction and a method was developed in which a sample of 
the water from the equilibrium mixture was removed for analysis as 
CaS04 hydrate. It was found in these experiments that the extent 
of the exchange varied with the time of contact prior to the addition of 
the CaS04, and it appeared that about 1 8 hours was required for the 
establishment of equilibrium at 25® C. 

Experimental. 

Procedure. — Solutions of ethyl alcohol and 20 per cent, deuterium 
hydroxide were made up by weight in stoppered tubes and placed in a 
thermostat at 25° ± *01° C. To determine the concentration of deuterium 
in the water in a given mixture at a given time 3-4 grms. anhydrous CaS04 
was added which removed a fraction of HOD as hydrate. The hydrate 
was rapidly filtered on a sintered glass crucible, dry air being drawn through 
the precipitate for 45 minutes under a pressure reduction of about 40 mm. 
The CaS04 x . HOD was then dehydrated at 150° for i J hours, and the 
liquid analysed. That no appreciable fractionation of HOD occurred in 
the above process ^ is shown in the following typical experiment. 4*40 
grms. CaS04 were added to 4*0 c.c. 20*4 per cent. HOD. 3*47 grms. 
of the hydrated salt were collected from which 1*05 c.c. HOD, of D-con- 
centration 20*2 per cent., were obtained. 

The formation of the hydrate is not instantaneous but takes place 
during 30 minutes so that the sample of water removed represents the 
average concentration of D in the water portion of the reacting mixture 
during this time. 

The ethyl alcohol was dried for fourteen days over CaO, then two days 
over Ca and slowly distilled, a middle fraction boiling at 77*2° C. (760 mm.) 
being collected under anhydrous conditions for these experiments. 

20 per cent. DOH, obtained by dilution of the I.C.I. 99*95 per cent, 
product was twice distilled and outgassed. The D-content of several 
samples was determined for calibration purposes (to within -oi per cent.) 
by density measurements using a 14*0 c.c. pycnometer. 

A.R. CaSO* was freshly dehydrated under reduced pressure at 180® C. 

Analysis. — The yield of water to be analysed varied betw*een 0*5-1 *0 
c.c. and usually contained traces of alcohol (< 0*4 wgt. per cent.). In 
order to analyse the mixture for D in the presence of alcohol, density and 
interferometer measurements were made in co-operation. With a pycno- 
meter of 0*45 c.c. capacity the D-content was given by the calibration 
equation (mol. per cent. D) = 0*209 W ( ± 0*2), where W is the difference, 
in 0*1 m. grm. units, of the weight of the pycnometer filled wdth a given 
sample of heavy water and when filled with ordinary water. The calibra- 
tion equation for measurements with a i cm. cell of a Rayleigh Inter- 
ferometer was (mol. per cent, D) = — 0*0629 1 { ± 0*1) where I ivS the 
number of drum divisions shift when a heavy water sample is compared 
with ordinary water. 

Calibration solutions of known quantities of alcohol in HfO and in 
18*6 per cent. HOD were made"* up, and the difference in density and inter- 
ferometer reading compared with H|0 in the first case and i8*6 per cent. 
HOD in the second, were measured. These difierences, plotted in Fig. ^ 
show that the addition of alcohol in a given proportion to H |0 and HOD 
(up to 1 8*6 per cent.) produces the same change both in density and inter- 

^ C/. Day, Hughes, Ingold and Wilson, /. Chem, Soc,, I934» 1593 - 
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ferometer reading. Thus, since the addition of alcohol to water increases 
the refractive index and decreases the density, while the addition of HOD 
decreases the refractive index and increases the density, a unique value for 
the D»content can be found. If a sample of water containing EtOH gives 



an interferometer reading /, and a density difference \\\ compared with 
ordinary water, then 

(mol. per cent, D) ^ — 0*0629 {/ — a') — 0*209 ~ ) 

where ,v/v - a/b — ig*2, a and b being the slopes of the curv'es so labelled 
in Fig. 1. 

Results. 


Initial 

Per 

Cent. 

HOD. 

& 
grms. i 

w«t. 

HOD 

grtns. 

Vol. 

of ; 
Soln. ] 

C.C. 1 

Time 
of Re- 1 
action 
Hours, 

/ i 

Drum 

Divisions. 

w \ 

0*1 1 

mgnns. 

Equil. 

Per 

Cent. 

HOD. 

Grm. mol. /litre. 

ou 

1 

i "■ 

b. 

1 

c. 

X, 

2174 

3*3667 

5 * 5 172 

9*44 i 

2 

1 

-107*5 

44 

19*4 

7*74 

6*98 

25*13 

0*74 

0*44 

20*9 

2*0664 

3*9926 

6 * 3 « 

3 *» 

-84 

40 

18*0 

7*04 

7-i8 

27*17 

0*97 

0*72 

20*9 

3773 ^ 

8*8250 

13*16 

6*8 i 

— 122 


1 8*0 

6*23 

7*70 

29*15 

i*o6 

0*93 

20*9 

3*7570 

6*4450 

io*8i 

26 

- 133*5 

40 

16*75 

7*53 

6*vS4 

25*91 

1*36 

1*10 

20*9 

3 7170 

6*0101 

10*34 

33 

— 1 24* I 

39 

16*4 

7*81 

6*67 

25*26 

1*41 

1*12 

20*9 j 

2*2521 

37694 

6*39 

108 

-119*7 

39 

16*0 

7 *d 5 

6*78 

25*65 

1*39 

I*II 


The exchange ratio, a, in the above Table is defined as 

x{c -F X) [EtOD]rHOH] 

* ~ (a - x)(b - x)~ [EtO][HOD] ' 

where [EtOD], etc., are the molecular concentrations of each species in 
the mixture at time /. Since there is a probable error of ± 0*2 mol. per 
cent, in the determination of the equilibrium D concentration the values 
<^1 a are uncertain to ± 2 per cent. 

From Fig. 2. which shows the variation of a with time, the equilibrium 
distribution a, = i*ii. 
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Discussion. 


In the reaction 

EtOH + HOD S EtOD + HOH, 

(a — a:) (b — x) x k + 

the rate of formation of EtOD may be expressed analytically as follows : 
d X 

— x)(b — x) — k^x(c + a:) . . . (i) 


ki 


At equilibrium ^ 


kj x(c + ;r) 


( 2 ) 



Substituting k^OL^ for in equation (i) and integrating gives the following 
result : 


where 


k. 


2-303 ■ ^ 2A - x{K - 

i3(a.-i)i 2A - a:(A: + )S)’ 


AT-—!— [(a + i')a. + r]: 

a, — 1 


Since 


_ x[x + c) 

“ (a - x){b - x)' 


A = /S = VA'* - 4A. 

a can be evaluated numerically as 


a function of t when ^2 given a definite value. The curve 
drawn in Fig. 2 is that calculated from the above equations^ the value 
^2 ~ 2*2 X I0“® being chosen to give the best fit with the experimental 
points. Taking account of the possible error in the oc*values one has 


^2 = 2-2 ± 0*2 X lO"* (litres/grm. mol sec.) 
and from (2) ^ - 2-4 ± 0-2 X I 0 “« (litres/grm. mol sec.). 

The order of magnitude of these figures appears to be roughly in 
accordance with what is to be expected if the initial step in the exchange 
reaction is an ionisation of the type 

HOD + C2H5OH % OH- + C2H5OHD+ 

Assuming, in the first place, that the mixture of HOD and EtOH 
is ionised to the same extent as water, the concentrations of OH" and 
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CjHjOHD^ are lO"^ grm. mols./Htre, and HOD and EtOH, 55-5 and I7‘i 
grm. mols. /litre respectively, then, 

/C = ^ = 1-05 X 

The activation energy of the recombination reaction may be expected 
to be small : if it be assumed to be zero, then — s, where z is the col- 
lision factor for a bimolecular reaction, an average value of which is 
2*77 X 10^^ (litres/grm. mol. sec.).* 

Hence = 2*8 X (litres/grm. mol. sec.). 

From the equilibrium value, a^, the ratio of the ionisation constants 
of EtOH and EtOD may be calculated, the equilibria involved being 
as follows : 

EtOD + HOH -= EtO- -f DH, 0 ^ 

EtOH + HOH EtO“ + HgO"* A\ 

HOD + HOH =- OH- + DH, 0 ^ A3 

HOH + HOH - OH- + HaO^ K\ 

From the above equations it is evident that 

^ _ lEtOD][HOH] _ 

A', A'4 ■“ [EtOH] [HOD] - - J 

Now according to Abel, Bratu and Redlich,® j — i‘4ijr -f 0*57:^*, 

A4 

where x is the mol. fraction of deuterium. In the present experiments 
K 

X =: 0*083, ^hus = 0*89 and A'j -= 1*25 A",. 

Summary. 

i . It has been found possible to measure the rate of exchange of deu- 
terium between ethyl alcohol and deuterium hydroxide by using CaSO* to 
remove samples of DOH from the reacting mixture. 
z. The equilibrium constant, a,, of the reaction 

EtOH -f HOD EtOD 4- HOH 

is found to be i *1 1, the rates of the forw'ard and backward reactions being 
Aj 2*4 ± 0*2 X 10 (litres/grm. mol. sec.) 

— 2-2 ± 0-2 X 10 (litres/grm. mol. .sec.). 

These values are of the order expected theoretically on the grounds that 
the exchange proceeds ionically. 

3. From the equilibrium distribution ratio, a,, the ratio of the dissocia- 
tion constants of EtOH to EtOD in presence of 16 per cent. HOD is found 
to be 1*25. 

I wish to thank Dr. J. A. V. Butler for suggesting this problem and for 
iiis advice and encouragement during the course of the work. I have 
also to express my gratitude to the Carnegie University Trust for a 
Scholarship, to the Moray Fund for a grant for the purchase of heavy 
^ater, and to Messrs. Imperial Chemical Industries for a grant by which 
the Interferometer was purchased* 
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REVIEWS OF BOOKS. 


Flame. By O. C. de C. Ellis and W. A. Kirkby. (London, Methuen. 

Pp. vi 4 - io 6 +15 figs. 3s. net.) 

The Methuen Monographs on Chemical Subjects usually provide in- 
teresting fare and the present volume is not an exception. There are 
many aspects of the subject of flame and it is hardly possible for one 
individual to speak authoritatively on all of them. The authors direct 
their attention mainly to the behaviour of flame as an entity and to an 
examination of its various shapes and movements in many kinds of vessels. 
The phenomena occurring ahead of and behind the flame front are examined 
in considerable detail, and in their elucidation of these matters the authors 
have drawn on the wealth of experimental technique and data made 
available by the Safety in Mines Research Board. The authors' treatment 
of “ afterburning " is of particular interest and contains much that is 
original. Ignition phenomena and the flame limits are thoroughly dis 
cussed but chemical mechanisms in the modern sense are dismissed in seven 
pages. There is, nevertheless, a good deal of novelty in the ideas presented, 
and the book is welcome if only for the clear account it gives of flame 
movement and associated phenomena in closed vessels. There is a valuable 
bibliography. 

Phenomena in High Frequency Systems. By August Hund. (McGraw 
Hill, London, 1936 ; 594 pages, appendix, and index. Price, 36s.) 

This book deals almost exclusively, but in great detail, with the theory 
of the generation, transmission, and reception of radio frequency currents. 
Except for the two chapters on the ionised upper atmosphere and piezo- 
electric phenomena, and a brief account of pla.sma oscillations, practically 
no reference is made to high frequency phenomena depending on the 
physical and chemical properties of substances for example, the variation 
of the dielectric constant and the dielectric loss with frequency. 

R. W. L, 

Schwimmaufbereitung, By W. Petersen. (Theod. Steinkopfl, Dresden, 
1936. Pp. xii and 300. Price, iS RM ; Bound, 19.50 RM.) 

This is a very good book. The author has not hesitated to attack the 
difficult question of wettability and I hardly know of any equally clear 
exposition on interfacial tensions and their interaction, on adhesion, on the 
problems related to contact angles and their determination, to linear and 
laminar adsorption, etc. He also does not make the mistake, so frequently 
found in general treatises on flotation, of overrating one side of the 
phenomena involved and thus developing an ** adsorption " ora chemical " 
or an " electrical " theory of flotation ; he bears in mind that all these 
factors, and others, come into play and does not forget that his task 
consists in giving a well-balanced description of these manifold effects and 

1038 
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their intricate connexions. Although Petersen is obviously keenly in- 
terested in the theoretical side of his subject, he by no means neglects 
experimental facts and thoroughly discusses a great number of collectors 
and frothers, many special problems in mineral separation and technical 
devices to effect flotation. 

The flotation industry is in a pre-eminent position as depending on the 
fundamental importance of capillary chemistry and yet involving large 
capital expenditure. Nevertheless, physical chemists cannot boast that 
they were the first to introduce and devise these methods ; they are almost 
entirely due to engineers. Surface chemistry has proved its value only in 
the surprising specialisation and subtlety which have been developed in 
recent years. 

H. F. 


Review of lnor|tanic Chemistry. By Niels Bjerrum. (William 
Heinemann Ltd. Pp. vi ; 317. 7s. 6d.) 

Although this is intended to be an elementary^ text-book, it is one 
which can be read with pleasure and profit by any chemist, and so wdl has 
the translation been done that the reader does not feel that the book was 
not originally written in English. 

In the reviewer’s opinion, the book is not suitable for those who are 
just beginning the study of chemistry, but should be very useful to students 
who have already passed the intermediate stage. The reasoning is too close 
and concentrated for a Ixjginner, and theories are stated somewhat too 
dogmatically and without sufficient reference to the experimental and 
historical foundations. 

rhe book is admirable as a summary^ of modern chemical theory and of 
the more imjxirtant facts relating to the commoner elements. The modem 
views of acids and bases are made clear and emphasised, as was to be 
<‘xpccted, in a book emanating from Copenhagen. Most important theo- 
retical matters are considered briefly and serious students of chemistry 
will find the book a helpful supplement to their lectures, but they must 
bear in mind that they will need to become acquainted with more of the 
hum-dnim facts of chemistry than will be found in it. 

H. B. 

Introduction to Quantum Mechanics (with Applications to Chemistry). 

By Linos Pauling and E. Bright Wilson. (McGraw-Hill Publishing 
Co., London, 1935. Pp. xiii 4- 46'^. Price 30s.) 

The Quantum Theory of Valency. By W. G, Penney. Methuen’s 
Monographs on Chemical Subjects. (Methuen & Co., Ltd., London, 
*935‘ Fp. vi + 95. Price 2s. <>d.) 

The Introduction to Quantum Mechanics, which has been written by 
binus Pauling and E. Bright Wilson, fulfils a long-felt need. Its aim is 
b> provide sufficient quantum mechanics to understand the advances 
^'hich are now being made in the theory of chemical bonds. It does not 
< demand an extensive knowledge of mathematics but it does assume that 
reader is anxious to understand the mathematical applications of 
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quantum mechanics and is willing to follow the necessary steps in the 
argument if suitably presented. No better guide could be recommended 
to those anxious to study modern developments in theoretical chemistry. 

The Schrodinger equation, the interpretation of wave function and 
the auxiliary restrictions placed upon it, are introduced as fundamental 
postulates — a series of working rules, from which results can be predicted 
and compared with experimental data. A number of simple examples 
are worked out, in particular the wave functions of the hydrogen-like 
atom. A thorough knowledge of these is indispensable to an under- 
standing of electronic structure of atoms and molecules, for they are used 
as a basis for almost all applications of quantum mechanics to molecular 
problems. The standard methods of passing from simple known systems 
to other more difficult unknown systems involve the use of the perturbation 
theory and the variation method. These are de.scribed in detail and a 
number of informative and illuminating examples are worked out. 

Two subjects of great importance are then dealt with : one the method 
of dealing with many electron atoms and the other the structure of simple 
and complex molecules. The important development made by Slater in 
the treatment of complex atoms is described in detail, and this not only 
show's how the multiple structure of atoms can l>e found but also prepares 
the way for the theory of valency links. The important concept of 
resonance, used extensively by Pauling in chemical phenomena, is de- 
scribed — but only briefly. Many readers would doubtless hav^e welcomed 
a further discussion of this subject and more examples. The method of 
molecular orbitals is only briefly referred to. Non^ the less the b<x)k 
brings the reader to the stage w’hen he can under^ ,and recent develop- 
ments and for this reason is likely to And an appreciative circle of readers. 
The reviewer thinks so highly of it as an introductory book that he ha.s 
recommended it to all his students. 

The monograph by Mr. Penney carries out the difficult task of putting 
into descriptive language the new ideas which are at the basis of the 
quantum theory of valency and does it with conspicuous success. The 
treatment is necessarily concise owing to the limited space available in 
a small monograph, and those readers who approach the subject for the 
first time must expect to take some parts of the bo^-^k for granted (particu- 
larly in the chapter on The Method of Localised Pairs ' . A close reading 
of the book will, however, convey a very good idea of the successes and 
limitations of the present theory of valency. 

J. E. L.-J. 


^bbmoxen : tkb uNivmiistxy pkbss 



A GENERAL DISCUSSION ON DISPERSE SYS- 
TEMS IN GASES; DUST, SMOKE AND FOG. 


The Sixty-Fourth General Discussion of the Faraday Society was 
held in the Department of Chemistry of the University of Leeds from the 
2oth to 22nd April, 1936, inclusive. 

The subject was considered under two heads : — 

Part I. : The General Properties and Behaviour of Disperse Systems, 
composed of : — 

(a) Solid and Liquid Non-Volatile Particles. \e. Smoke, Dust, Oil Fogs, 
etc. 

(h) Aqueous and Other Volatile Particles, i.e. Mist, Cloud, Hygro- 
scopic Nuclei, Town and Country Fogs. 

Part 1 1 , : The Industrial Aspects of Disperse Systems in Air and Gases. 

In the absence of the President, the Chair was occupied in succession 
by Sir Robert Robertson and Professor F. G. Donnan, Past Presidents. 

By the courtesy of the Vice-Chancellor and the Refectory Committee, 
the Guest Night Dinner was held on Tuesday, 21st April, in the Refectory. 

At the Inaugural Meeting, the Vice-Chancellor of the University, Sir 
James Baillie, welcomed the Society to Leeds, and Sir Robert RoberW^n 
then introduced the overseas guests, visitors and members, who were 
received with acclamation. The following were so welcomed : Professor 
J. Firket (Liege), Dr. E. Hiedemann (K 6 ln), Professor H. Kohler (Uppsala), 
Dr. and Frau R. Meldau (Berlin-Charloltenburg), Dr. j. L. van der Minne 
lAmsterdam), Dr. J. J. Nolan (Dublin), Dr. E. ftoskauer (Leipzig), Professor 
H. Kemy (Hamburg), Dr. P. Schuftan (MUnchen), Dr. H. Schmeel (Darm^ 
sladt), and Dr. P, Siedier (Frankfurt a.M.). 

At the conclusion of the meeting, the thanks of those present were 
3 uxorded to the overseas guests, to the Vice-Chancellor and Senate of the 
University, to Professor Whytlaw-Gray, Mr. Caw'ood, and other members 
of the organising committee, to the Refectory Committee, and to the 
contributors of papers. 

The Report of the meeting; including all the papers contributed, 
together with the discussion thereon, appears in the following pages. 



DISPERSE SYSTEMS IN GASES. 

(General Introductory Paper.) 

By R. Whytlaw Gray. 

Received 14th Aprils 1936. ^ 

The subject of this discussion includes a great variety of natural and 
artificial systems which are described by such terms as chjst, smoke, fog, 
fume, haze, mist and cloud. All these consist of solid oriiquicTmaterial 
dispersed to a greater or lesser extent in gaseous media. They all show 
a great tendency to change and none are permanent when compared 
with the more familiar colloidal solutions. Thus dusts settle, smokes 
coagulate, and clouds dissipate by evaporation. 

This characteristic instability is clearly a consequence of the physical 
properties of the gaseous medium, the low density and low viscosity of 
which offers little resistance to the movement of the particles or to 
molecular diffusion. Hence in these systems the particles sediment 
under gravity or centrifugal force, diffuse by brownian motion, and 
evaporate or dissolve at a much greater rate than they would were the 
medium liquid. It must be remembered, too, that the smaller particles 
suspended in gases possesses an enhanced mobility on account of the 
discontinuities in the medium. For example, the majority of smoke 
particles lie between the size limits 5 X and 5 X 10*“* cm., radius, 
whilst the mean free path of the molecules in air at normal pressure is 
of the order of 10*“® cms. 

For the purposes of this meeting it is convenient to consider separ- 
ately the behaviour of systems of non-volatile and volatile particles. 
To the former category belong most dusts and .smokes and some in- 
dustrial fogs such as tar fogs, and to the latter the majority of natural 
systems such as country fogs, mist, etc., in which the particles are 
composed of water or of dilute acjueous solutions "'f hygroscopic nuclei. 
If is obvious that there is no clear dividing line between these two 
classes. Thus a sulphuric acid cloud in dry air would belong to the 
former and in moist air to the latter, again the particles of tobacco 
smoke rapidly absorb moisture and those in town air contain hygro- 
scopic as well as carbonaceous material so that they readily condense 
water when the conditions are favourable. But it is evident that in 
many respects systems of non-volatile particles are simpler and certainly 
easier to investigate than those in which evaporation and condensation 
are additional and complicating factors. 

Moreover these systems of non-volatile particles have in recent yeare 
attracted the attention of scientific workers both abroad and in this 
countiy so that a short summary of their properties may serve as a 
focussing point for this discussion. 

Smoke. 

Smoke is formed whenever the vapour of a substance of high boiling- 
point is diluted rapidly and cooled by admixture with a large volume 
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of air or any other gas. This method applies to many systems. Smokes 
can be formed also by chemical reactions at ordinary temperatures^ 
indeed any reaction between gases or vapours resulting in the formation 
of a solid or liquid phase will when carried out in presence of a large 
excess of an indifferent gas produce a smoke. Smokes then are formed 
from molecularly disperse material, by condensation, and in its early 
stages the process presents an analog^' to the formation of a gold sol. 
There is however this important difference. In the sol the gold origin- 
ally molecular, condenses around nuclei to form a stable two-phase 
system, the degree of dispersion of which is determined by the rate of 
formation of nuclei and by their rate of growth. In a smoke although 
the process of formation is apparently analogous it results in the pro- 
duction of an unstable system and the primary particles formed by 
condensation on nuclei of the supersaturated vapour coagulate rapidly so 
that the degree of dispersion of the system changes continually with 
lapse of time. 


Coagulation. 

This i)roperty of continuous and .‘Spontaneous coagulation is the most 
striking characteristic of disperse systems in gases. The smoke particles 
of whatever substance they are composed sti( k together when brow’nian 
motion brings them in contact. PnT^ably a liigh percentage of the 
collisions are effective .md althougli thi> has no» l>een proved by direct 
experiment, it has been shown that adiierence results from the majority 
ot collisions between smoke particles of different kinds with various 
surfaces. 

Hy determining how the number of particles in a coagulating smoke 
diminish with time the course of the process can be followed quantita- 
tively. Numerous smokes have been investigated in this way by 
different workers but the counting of smoko particles with the slit ultra- 
rnicroscope presents unexpected difficultie.s and led originally to erroneous 
results. Several methods are now available winch agree among them- 
selves and the data obtained from these show that the coagulation of 
ver\' nviny smokes follows a simple law'. If and n* represent the 
number of particles present per c.c. at timtes and minutes from the 
omiation of the .system, then l/n^ = — /j) where K is a 

constant. Thus if the reciprocal of the number of particles present in 
given volume of smoke are plotted against tlie corresponding times a 
straight line is obtained. 

I In denotes the average space inhabited by a particle in the smoke 
at any mst;int of time. It is termed conveniently the particulate volume 
and n the particulate number. Although the validity of this relation- 
ship has been questioned there is so much experimental evidence to 
support it, that we believe it repre,senls the course of coagulation of the 
majority of smokes to at least a rough approximation. 

hrom this expression it is easy to sec that the rate at w’hich the 
particles disappear by coagulation depends only on the square of the 
number present and the con.stant K, i.e, — dn/ic = KnK In any given 
smoke, coagulation w ill be very fast in the early stages when the number 
Concentration is high and later will fall off rapidly. A comparison of 
rile values of K obtained expcrimcnully for different smokes in aur 
‘^nder normal conditions of temperature and pressure shows no striking 
Variation, Clearly the coagulation process is to some extent independent 
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of the nature of the particles. The coagulation constant for any one 
smoke does, however, vary : — 


{a) with the average size of the particle, fine smokes coagulate faster 
than coarse ones ; 

(i) with the size distribution or range of sizes of the particles. When 
the size range is small the smoke approaches to the homogeneous, and 
systems of this type coagulate more slowly than ordinary smokes which 
are as a rule widely heterogeneous ; 


(r) with the form and shape of the particles and the aggregates they 


form. 


An ideal or perfect smoke would consist initially of even-sized 
spherical particles which on coagulation coalese to form progressively 
larger spheres. The kinetics of such a system were worked out for sols 
many years ago by SmoIuchow^ski. 

The theoretical treatment of smokes along those lines is more com- 
plicated because smoke particles lie between size limits which are com- 
parable wnth the mean free path of the molecules of the gaseous medium. 
The simple mobility defined by Stokes’ law has to be modified by terms, 
taking account of the discontinuous nature of the surrounding gas. 

Smolu chows ki’s theory thus modified does, however, reproduce quite 
remarkably the experimental results obtained with smokes approxi- 
mating to the above ideal conditions, as Patterson and Cawood have 
shown in their studies of stearic acid smokes. 


It can be shown that the theory for a homogeneous smoke leads to 
an expression similar in form to that found experimentally : K, the 

30-called coagulation constant, being given by 


where R = gas constant, T = absolute temperature, N ==: Avogadro’s 
constant, 17 = the viscosity of the medium, I = mean free path of the 
gas molecules, r the radius of the particle, and A a constant. 

Thus theory leads to the expectation that the particulate volume 
graph would be curved, K decreasing as coagulation proceeds. Actually 
the curvature is so slight for particles of the size found in homogeneous 
stearic acid smokes of the weight concentration used that it is doubtful 
whether it would be detected experimentally. 

This expre.ssion also predicts the influence of pressure and tempera- 
ture on the rate of coagulation as well as that of the size of particle and 
the viscosity of the medium. Up to the present the coagulation of 
smokes in gaseous media other than air has not been studied. Data, 
too, on the coagulation rate of small particles are scanty and the effects 
of temperature and pressure have hardly been investigated. 

On the theoretical side the applicability of Smoluchowski’s theory 
to ideal aerosols has been much discussed recently. Experimentally 
a really suitable smoke is difficult to obtain. Up to the present the 
nearest approximation to a perfect smoke would appear to be the 
homogeneous and reproducible stearic acid systems mentioned above, 
though a smoke such as that of paraffin in which the particles are liquid 


would possibly offer advantages. 

Considerable progress has been made in the production of smokes 
for experimental purposes which approximate to homogeneity. It is 
clear from the nature of coagulation that a monodisperse system of 
primary particles can only be obtained by very rapid dilution of the 
molecularly disperse material. 
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This can be accomplished by volatilization in a rapid air blast, by 
chemical reaction at high dilution, or by photochemical decomposition 
as in the elegant method discovered by Winkel and Jander in which 
highly diluted iron carbonyl vapour is decomposed by light of short 
wave length. In all these methods even at the highest dilutions in 
which the weight concentration of the smoke is only of the order of 
a few milligrams per cubic metre, the number of particles a few minutes 
after the smoke is formed is several millions per c.c. 

Extrapolation of the particulate volume graphs for this type of 
smoke shows that initially the number of primary particles must be 
very great. 

A rough calculation from the dilution of a stearic acid smoke gives 
10^* per c.c. and recently Fuchs and Oschman by diluting with great 
rapidity a sulphuric acid smoke have actually formed an aerosol con- 
sisting of primary particles. They found the number per c.c. 10^^ and 
the size about lO**® cms. 

In these experimental smokes it is clear that the ultra-microscopic 
particles counted are aggregates of a large number of primary units 
and tliat the coagulation process is far advanced before counting is 
possible. The primary particles are amicro^copic. The possibility of 
obtaining stable systems of these is evident and opens up an interesting 
line of research. Atmospheric nuclei and large ions probably belong to 
this rlas.<i. The rapid dilution of chimney smoke in a high wind may 
well form these systems and they arc likely to be present in ordinary 
smokes in the early stages. 

The rapidity of coagulation in systems of high number concentration 
is evident w^hen the time taken to halve the number of particles is 
calculated. U.sing for this purpose the K value for a stearic acid smoke, 
viz.: 0*51 X 10 "^* cm.® sec.~^ we find for a system of 10^^ particles 
per c.c. t = 0*02 sec., for 5 X lO® per c.c. 6«6 minutes and for 10 * per 
e.c, 5*5 hours. To obtain a stable system of primary particles the 
original smoke must be diluted with 10* or lO® volumes of air in a 
fr<iction of a second. 

So far practically nothing is known about the early stages in the 
formation of smokes. Probably as in sols, the rate of nuclear formation 
and velocity of their growth are important stages. Now that it is 
realised that smokes originate from highly dispersed amicroscopic 
primaries there is hope that methods of attacking these difficult pro- 
blems will be developed. 

It will be obvious from the foregoing considerations that the ex- 
perimental smokes so far discussed are special types. Although the 
particles composing them are aggregates and formed from a large 
number of primaries they are at least approximately homogeneous. 
This is evident from their appearance in the field of the ultra-micro- 
scope. Unfortunately no satisfactory quantitative studies have been 
made of the size distribution of particles in smokes. Both from the 
point of view of the theory of coagulation and also from that of the 
actual composition of smoke much is to be learnt from such investigations. 

The ordinaiy^ smoke of factory and domestic chimneys and, indeed, 
the great majority of industrial and laboratory smokes belong to the 
hecterogeneous type and exhibit a wide range in particle size forming 
frequently large loosely built aggregates of microscopic dimensions or 
irregular chains composed of small units. This structure which is 
characteristic of the particles in concentrated systems especially in 
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metallic oxide smokes must affect the mobility of the particles and 
their collision frequencies. Further, as Kohlschiitter was the first to 
show the densities of such particles are very much smaller than that 
of the material composing them. Whether this structure revealed by 
the microscope is a replica on a larger scale of the structure of ultra- 
microscopic particles is an open question. The application of X-ray 
or electron diffraction methods to the examination of smoke films might 
here prove of considerable value and interest. 

Up to the present no normal aerial systems hav'e been discovered 
in which coagulation does not take place, and no courfterpart to the sol 
stabilised by protective agents has been observed. Although the 
suspended particles in gases doubtless adsorb molecules of the medium, 
this effect appears to have little influence on their adhesion. It is 
possible that a stabilising action might be detectable in gases which 
are highly adsorbed by the dist>erse material. Again whether the 
particles carry electric charges or are electrically neutral has little 
affect on the rate of coagulation. It is well known that smoke particles 
readily catch ions of both signs from the surrounding medium and 
when formed in a highly ionised atmosphere, such as in the presence 
of X-rays or by high temperature reactions, are strongly charged, but 
the smokes contain as a rule equal numbers of + and — units and 
are usually electrically neutral. Highly charged unipolar smokes 
can, however, be formed and these might expected to show a 
diminished rate of coagulation. This has been found by Fuchs to 
be the case for highly charged unipolar oil smoke, though ex{)erimental 
investigation is difficult on account of the space charge which quickly 
drives the particles to the walls of the containing vessel. In this 
investigation it is interesting to note that the splitting up of the 
complexes into simpler units was claimed to take place during charging. 

The rate at which ions arc caught by particle.s of various .sizc.s and 
the limiting charge acquired in an ionic atmosphere of giv(‘n intensity 
are important factors in electrical precipitation and will be discussed in 
communications to this meeting. 

Apart from electrical precipitation which at the moment is probably 
the most practical way of removing fine particulate matter, a study of 
disperse systems in gases indicates the possibility of tlie development of 
other methods which may in the future have many applications. Theory 
indicates that the rate of coagulation is determined by the probability 
of encounter of particles in brownian motion. Any factor then, which 
will increase the sphere of influence or the mean free path of the.se 
smoke particles will hasten coagulation. The production of turbulence 
in the medium by the formation of eddic.s and vortices will bring this 
about to some extent though for fine particles it is not so effective as 
for larger. 

Of great interest is the effect of sonic and supersonic waves in 
bringing about rapid coagulation. This has been studied both experi* 
mentally and theoretically in recent years, notably by Brandt and 
Hiedemann in Germany, and Andrade in this country, and striking 
results have been obtained. 

The movements of smoke particles in a temperature gradient and the 
formation of a dust-free space around hot bodies has been known ever 
since the pioneering work of Aitken and of Lodge in the last century. 
Precipitation of smoke and dust on cold surfaces is a common phen- 
omenon but the mechanism of the process and the forces involved has 
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never been satisfactorily explained. Attention has recently been turned 
to a more detailed study of this effect and it has been utilised on a 
small experimental scale in the thermal precipitator for determining 
dust and smoke in disperse systems in gases. 


Dusts. 

Whilst smokes are formed by condensation, dusts whether natural 
or artificial are produced invariably by disintegration or dispersion 
processes. Speaking generally they consist of larger particles which 
from their mode of origin are denser and composed of much larger 
units. Hence they sediment more rapidly than smokes. Again the 
mimlier concentration in dust systems is usually low though on account 
of thf size of the jirirticles they reflect light and show a high optical 
den^^ity. Dusts do, however, coagulate and the large pnmar\^ units 
vtirk together wdien they come in contact forming complexes, but the 
procos is slow and plays only a secondary part in their life history. 
Theoretically the coagulation of these systems pre.sents interesting 
M atures but it has not so far been studied in any detail. Another 
( haracteristic of dusts is the ease with which the particles acquire 
electric charges, probably produted by frictional effects. In com- 
bustible materials such as coal dust this easily leads to dust explosions 
when the medium is air. 

The toxic effects of sili« eous dusts in industry are well known, but 
alliiough much careful work has l^ecn done in this field, information on 
what size ranges of particles are the most harmful is still scanty. 
Prog^es^ in the investigation of dusts, and indeed of all disperse 
systems in gases, is largely a question of technique. Until recently 
many methods used were open to criticism, l>ut it is possible now to 
dt termine with accuracy the mass concentration, number concentration 
and size distribution in dusts. The investigations of (ireen have done 
mie h to advance this aspect of the subject. 

In this brief survey em|)hasis has been laid on spontaneous coagula- 
tion as a specific characteristic of these systems. It must, however, 
be pointed out that the very' dilute smoke which pollutes the air of 
rities, as well as the many natural systems included in the terms fog, 
mist, and haze, change only with extreme slowness on account of the 
low number concert trat,ion of their particles. Nevertheless, coagulation 
even in these systems may be of significance, especially in the case of 
atmospheric nuclei and very small particles. 



PART 1 (a). THE GENERAL PROPERTIES OF DIS- 
PERSE SYSTEMS COMPOSED OF SOLID AND 
LIQUID NON - VOLATILE PARTICLES {i.e. 
SMOKE, DUST, OIL, FOGS, ETC.). 

ON THE PROPERTIES OF AEROCOLLOID SYS- 
TEMS, WITH REGARD TO THEIR DEPEND- 
ENCE ON THE METHODS OF FORMATION. 

By Karl Ernst Stumpf and Gerhart Jander. 

Received in German 2 Sth March, 1936, and translated by J. Colvin. 

Previous investigations have shown that in contrast with liquid sols^ 

^ aerosols are invariably unstable systems which aggregate and sediment 
more or less rapidly. Hence the unstable condition of aerosols is only to 
be compared with the special case of the rapid coagulation of liquid sols. 

In the investigation of aerosols, therefore, two important questions 
arise : (l) what properties do they possess in parallel with liquid sols, 
and (2) on what factors do the properties of aerocolloid systems depend. 
This paper will examine principally the problems associated with the 
second question. 

The properties of liquid sols are determined mainly by (l) the nature 
of the dispersed material, (2) that of the dispersion medium, (3) the effect 
on the prepared sol of additions w’hich influence the electrical charge of 
the disperse phase or exercise a protective colloid action, and (4) the 
method of preparation itself. We shall examine the extent to which 
the properties of aerocolloid systems are determined by these factors. 

The aerosols hitherto investigated show real differences according to 
the chemical composition of the substance used. Thus mercuric iodide 
smokes and aerosols of certain dye stuffs ^ age specially rapidly, since the 
decrease in the number of particles and the increase in their size depend 
not merely on aggregation, but also on the isothermal distillation or 
sublimation taking place in these systems. These substances have an 
appreciable vapour pressure, which increases with increasing curvature 
of the surface,* i.e, with decreasing particle size, so that small particles 
evaporate more readily than large and the vapour condensing on the 
larger particles, still further increases their size. 

However, in systems where isothermal distillation is absent, because 
of a vanishingly small vapour pressure, singularly rapid ageing has been 
observed, as in certain metallic oxide smokes,* e.g, ferric oxide smoke.* 
Whytlaw-Gray has shown that these systems aggregate in a special 
vray with formation of chain-like aggregates. The individual particles 
possess to some extent a dipole nature ; they unite preferentially at the 
surfaces of the individual particle, at which it would grow preferentially 
as a crystal. 

^ Whytlaw-Gray and Patterson, Smoke, London, 1932, 168 ff. 

• W. Thomson, Phil, Mag, (4), 1871, 42, 448. 

•Whytlaw-Gray, loc. cit., 51, 8i ff. 

• Jander and Winkcl, Kolloid-Z., 1933, ^ 3 # 5 * 
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The formation of chain -like aggregates in aerosols also can depend on 
pyroelectric properties of the disperse phase. According to Beischer,* 
the needle-like crystals of aminoazobenzene, produced by cooling the 
supersaturated vapour, are charged pyroelectrically in such a way that 
each end carries an opposite charge. Hence it is understandable that 
the smoke would aggregate rapidly, forming chains such as Beischer has 
observed ultramicroscopically. Moreover, even in the absence of iso- 
thermal distillation or any special kind of aggregation, the differences 
arising from the physical properties of the v'arious substances used as 
aerosols also leads to more or less rapid ageing. The rapid coagulation of 
unidisperse sols may be described by Smoluchowski’s equation in the 
form, 


dn . RT . 


where — ^ is the v'elocity of disappearance of n particles present at 

time /. R is the gas constant, 7 " the absolute temperature, r) the viscosity 
of the dispersion medium, and N the Avogadro number. In this simplified 
form, the equation hold.s good provided that the effective radius of the 
particle is equal to its real radius, i.e. provided that the particles remain 
attached to one another only at an actual collision. This law, which 
has been applied by Whytlavv-( »ray • to aerosols, presupposes spherical 
particles. This condition is fulfilled only in fogs or in smokes produced 
by ( ooling fogs if the solidifying droplet does not change its shape by 
crystallisation. The stearic acid smoke used by Whytlaw-Gray approxi- 
mates to this ideal case. All smokes of substances difficult to melt or of 
readily cr^’stallisable substances v^ary more or less widely from the abov^e 
n qiiirement.s, so that their more or less rapid ageing is understandable. 

The properties of aerosols are, therefore, to a great extent dependent 
on the substance used. 

So far as wc know, no investigations have been made of the effect of 
the giiseous dispersion medium on the resulting colloid system. From 
Smojuchowski’s equation, we should expect the vi.siwiiy of the medium 
to affect the coagulation velocity, in the sense that the velocity increases 
with decreasing vi.scosity. 


Attempts to intiueace the l>ehavu>ur of the prejwired aerosol by electri- 
fication, or by the addition of " prott'ctive ’* substances, clearly show the 
threat difference between liquid sols and aenKolloid systems. This is due 
to the difierence in the di.«»{)erskm medium, liquid or gas. Both m lyophobic 
and in lyophilic sols, the dispersion medium plays an impi>rtant part in 
stabilising the sol, by making unipolar electrification possible or by ad- 
sorption at the surface of the particle. Whytlaw-Gray and his co w orkers ^ 
and others • have nowhere indicated any such stabilising action of the 
dispersion medium on aerosols. At the slight degree of electrification, 
bipolar or unipolar, which certain methods of preparation produce, no 
nieasurcable effect on the rate of ageing has been detected. Moreover, 
with the usual strong unifK)lar electrification, no stabilisation results, 
HuTe must be other effects, unknown in liquid sols, which pennit the 
disappearance of aerosols. N. Fuchs has shown recently • that strongly 

pkysik, Chem, A., i9V>» 176* i. 

Loc. ci/., 57 ff, ' ^ Loc, cit., 146 ff. 

! Jander and A. Winkel.* 10 ff, 

huchs and J, Petr|anow, Acia Physuoch, (KR,SS., i955» 3* ^<*7* 
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charged unipolar aerosols do not aggregate, as might be expected, owing 
to the electrical repulsion betA)veen the particles ; however, the cloud has a 
tendency to expand. The particles migrate to the walls of the vessel, to 
which they give up their charges and remain attached. Stabilisation would 
be obtained by unipolar electrification only if the walls of the vessel were 
charged, and of the same sign as the charges on the particles, so that the 
tendency of the Articles to migrate to the walls would be compensated 
by the repulsion exerted on them by the correspondingly charged walls. 

By analogy with liquid sols, stabilisation of aerosols by the action of 
protective colloids is conceivable, so long as these protective aerosols are 
stable as pure aerosols, i,e. so long as they do not aggregate on undergoing 
the collisions due to their Brownian motion, but collide elastically. Such 
aerosols are at present unknown : the majority of collisions between 
particles lead to aggregation. Aggregation may, however, be retarded 
by the addition of substances which are adsorbed at the surface of the 
particles,^® an effect certainly not due to elastic collisions between the 
protected particles. Probably the effect is to be ascribed to impedance of 
factors which accelerate ageing, such as isothermal distillation, or the 
formation of polar crystalline particles. The stabilising substances so far 
used {e.g. phenol or oleic acid) cannot be added subsequent to formation of 
the aerosol, but must be evaporated along with the substance forming the 
sol, so that they condense with it. No experiments (particularly with 
regard to a possibly expected retardation of the coagulation velocity) have 
been made with subsequent additions of vapour to be adsorbed as a pro- 
tective envelope. So far, then, attempts to stabilise aerosols, either by 
electrification subsequent to preparation, or by the addition of other 
substances, have achieved no real success. 

In contrast with liquid sols, therefore, the properties of a given aero- 
colloid system are fixed as soon as its preparation is complete. Of the 
more important methods of preparation, the first comprises the subdivision 
of a coarser system ♦ to one of particles of colloidal dimensions. The 
second method involves producing a colloidally disperse phase by aggrega- 
tion or coagulation from a molecularly disperse (gaseous) phase. All the 
usual meth^s of preparation depend on this condensation process methods. 
It may be further subdivided into three groups, the physical, chemical and 
photochemical condensation methods.** 

In the physical condensation method, the substance to be investigated 
is heated to produce evaporation of a considerable mass and the disperse 
colloid phase results by subsequent condensation. In this way, aerosols 
of a large number of inorganic and organic substances have been prepared. 

By chemical condensation methods, two substances in the form of 
vapour react with the formation of a product, whose vapour pressure at 
ordinary temperatures is very slight, or practically zero (c,g. NH4CI smoke 
from HCl and NH, ; H,S04 fog from and steam and metallic oxide 
smokes from zinc ethyl or from base metals evaporated in the arc with 
atmospheric oxygen). 

By the photochemical condensation method, a substance suitably 
illuminated yields an aerosol product of vanishingly low vapour pressure. 
So far, only ferric oxide dusts, resulting from the photochemical decom- 
position of iron pentacarbonyl, have been obtained by this method.* 

In order to obtain reasonably reproducible results, it was necessary to 
improve the methods of preparation of aerosols. Using a physical conden- 

*® A. Winkel and G. Jander, Schwebstoffe in Gasen, Stuttgart, 1934. 43- 

** H. Remy, Z, angew. Chem., 1933* 46, 6io, and earlier papers ; A. Krassil- 
chikov, Kolloid Z., 1936, 74, 138. 

• The atomisation of liquid is the outstanding example, and is unimportant 
since only relatively coarse, rapidly aggregating polydisperse systems are obtained. 
It is excluded, therefore, from consideration. 

*® V. N. Fuchs, Uber die Bildung von Aerosolen : Ada Physicoch., * 

1935. 3 t fii- 
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sation method, Whytlaw-Gray ^ succeeded in preparing highly reproducible 
aerosols, especially of stearic acid, by using a constant weight of the fog- 
forming substance and carefully maintaining every detail in the preparation 
unchanged, otherwise aerosols of different ^haviour resulted. The 
substance was heated in a stream of air in an electrically-heated boat, and 
the vapour-charged air stream was rapidly cooled by dilution with the 
cold air in the chamber. If the substance was evaporated directly into 
the chamber and distributed by stirring, the resulting aerosols at once 
coagulated more rapidly to much coarser systems, a method which is less 
exact and yields only j>oorly reproducible aerosols. 

With chemical condensation methods also, finely divided, reproducible 
aerosols cannot be obtained if the gaseous reactants are mixed directly in 
the chamber. Fuchs and Oschman have, however, prepared very finely 
divided and highly reproducible fogs from sulphur tnoxide and air con- 
taining water vapour, by greatly diluting the reactants and allowing them 
to react after thorough mixing (by the method they describe) before 
introduction and distributi(»n through the chamber ; the system is rapidly 
diluted to the concentration at which the investigation is carried out, 
perhaps simultaneously with the completion of condensation and the 
beginning of coagulation. This method is only suitable, however, for the 
production of finely divided and very dilute fogs. Whytlaw-Gray has 
shown that the electric arc as a means of preparing smokes under repro- 
ducible conditions is still less suitable.** In contrast to those prepared by 
other methods, aerosols prepared by the arc are mainly charged and of 
lx>tli signs and, moreover, the formation of chain-like aggregates is clearly 
shown, a property due more to the nature of the metallic oxide than to the 
rnetlKxl of preparation. 

The feme oxide dusts * prepared by the photochemical condensation 
method are exceptionally finely divided and highly stable sols with 
extreme reproducibility. 

The most hnely divided and most stable systems (and the most repro- 
ducible) result by using meth<xls in which the condensation proceeds under 
the most uniform conditions, and the freshly formed very finely divided 
aerosol can be equally rapidly and uniformly distributed through the 
chamber ; they age more slowly than aerosols prepared in other ways. 
According to Miiller’s theoretical treatment of hydrosols,** polydisperse 
systems coagulate more rapidly than unidisperse systems of the same 
concentration and particulate number. Approximation to complete 
unidispersity can only be realised in the very earliest stages, since with the 
onset of aggregation the condition of unifonnity is immediately destroyed. 
For all quantitative investigations, therefore, it is simpler to use systems 
which are as unidisperse as possible. 

To obtain reproducible, unidisfierse systems, si'>ecial attention must be 
paid to the conditions under which condensation and coagulation up to 
the time of uniform distribution in the chamber take place. Our knowledge 
of the course of these two important processes is slight. Scarcely any 
work has been carried out apart from investigations on water fogs,*’ on 
the rdle played in condensation by condensation centres and foreign 
nuclei. According to Whytlaw-Gray 's views,** for substances of very low 
vapour pressure, like stearic acid and arsenic, so high a degree of super- 
saturation will be produced that the molecules of the vapour itself become 
effective centres for condensation, so that no foreign nuclei need to be 
assumed. This will only be the case, however, if the cooling and consequent 

** Loc, cii,, 44. 

Acta Physicoch., LM?.S. 5 ., 1935, 3, 05. 

Loc, cU„ 76, 77. 

*• Wiegner and Tuorila, KolUZeiischr., 1926, 38, 3, 

Sec Frcundlich, Kapiliarchemie, 4 Aufl., I93*» 2 Bd. 780 ff. 

*• Loc, cit., 74 
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high supersaturation are accomplished rapidly. Now, the cooling of the 
vapour takes time, and proceeds through all stages from saturated vapour 
to a state of high supersaturation. At the beginning of condensation, the 
^ger foreign nuclei will act as centres at which larger aerosol particles 
will be formed. In time, greater supersaturation will ensue, and in addition 
to the larger particles already present, smaller particles will be formed with 
the molecules of the substance itself acting as condensation centres. Thus 
the kind of cooling (A bschreckung) will exercise a profound influence on the 
nature of the aerosol. The faster the cooling, the faster will the critical 
region (in which larger particles are formed at foreij^ nuclei) be passed 
through, leading to a correspondingly more finely divided and uniform 
aerosol. In the chemical and photochemical condensation methods, the 
** chilling is instantaneous, and hence the magnitude of the supersatura- 
tion depends on the speed of the reaction. 

Moreover, even in respect of the coagulation which occurs prior to 
distribution in the chamber, rapid cooling of the condensing vapour is 
valuable. From Smoluchowski's equation describing the course of co- 
agulation given above we may deduce the effect of temperature, viscosity 
of the medium and particle concentration on the rate of coagulation. The 
higher the temperature and the higher the particle concentration, the 
more rapidly will the aerosol age. If, therefore, cooling is effected slowly, 
aggregation to coarser particles wdll proceed proportionately rapidly. 
The original concentration of the vapour to be condensed similarly in- 
fluences the aerosol produced ; the higher the vapour concentration, the 
higher the concentration of the resulting aerosol, and the more rapidly will 
it aggregate. This explains w'hy direct evaporation in the chamber and 
distribution of the vapour by mere stirring results in coarse heterogeneous 
systems. In this case, the density of vapour is high at the start, the 
cooling is in no way uniform and relatively very slow, whereas, if the 
substance is heated in a tube and blown into the chamber, the vapour and 
the aerosol concentrations are low. so that by the more rapid and more 
uniform cooling, a more unidisperse system is distributed through the 
chamber by the stirring apparatus. Reproducible results can, therefore, 
be obtained by accurate control of the temperature of heating, velocity of 
the air stream and rate of stirring in the chamber. Reproducibility is alsc> 
related to the amount of substance dispersed as fog, in that at the same 
temperature, a correspondingly longer time is required for the evaporation 
of a larger amount of material. As a result, whilst the last portions of the 
substance are evaporated, the earlier portions are already distributed 
throughout the chamber as aerosol to which the small primary particles 
rapidly unite wdth particles which are already aggregated. This explains 
why arsenic dusts prepared under the same conditions showed different 
behaviour according to the concentration.^* 

Fig. I, taken from the paper cited, shows that the more concentrated 
systems are actually more polydisperse than the more dilute systems. 
Owing to the longer time needed for the preparation, the final portion 
evaporated, condenses and aggregates on the particles first formed. By 
the rapid sedimentation of the large particles thus formed, the average 
weight of the particle at first quickly falls, until a finely divided and homo- 
geneous system remains ; it then l>egins to rise as expected, owing to 
coagulation. Since the more dilute systems, owing to their shorter time 
of preparation, are already uniform, the change of particle weight with 
time is as expected from the start. 

In addition to the condensation and initial coagulation at greater 
concentrations, the method of distribution in the chamber is of importance 
in securing uniformity in the resulting system, otherwise imperfect results 
are obtained. Even when the formation of the aerosol is practically 
plete before its entry into the chamber, uniform distribution, to which 


‘* G. Jander and A. Winkel, KoUoid-Z., 1933, ^5* 290* 
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stirring contributes, opposes homogeneity in the particle size, despite the 
most careful experimental conditions. This can be roughly confirmed by 
first distributing the vapour uniformly in the experimental vessel and then 
effecting sudden condensation, either by cooling or by adiabatic expansion. 
Condensation invariably occurs partly in the concentrated vapour and 
partly only during the final distribution in the chamber. Thus, aggrega- 
tion occurs at different concentrations until uniform distribution has been 
secured, so that it is never possible to achieve more than approximate 
homogeneity and reproducibility. 

The same state of affairs ari.ses with the chemical condeUvSation methods. 
If the reactants are first mixed in the chaml>€r, a heterogeneous, rapidly 
coagulating aerosol re.siilts. It is only when the reaction is practically 
completed Indore the mixture enters the chamber under constant conditions 
that highly reproducible fogs are obtained, as Fuchs has shown. 

The degree of uniformity .secured by the methods so far used depends on 
the extent to which it is possible to direct and influence reproducibily, 
the condensation process and the coagulation occurring in the short time 
prior to entry int<j the chamlx?r. This cannot be done rigourousiy, since 



the two processes follow one another with differences of time and place* 
The systems thus result from a complex procedure, and must themselves 
he more or less complex in nature. 

We believe that the photochemical method of preparing ferric oxide 
smokes, should, at least in principle, avoid .some of the complications 
arising in the previous methods, bur example, the iron pentacartonyl 
from which the aerosol is generated, may be uniformly distril>uted through 
the vessel as a vapour. With uniform and intense irradiation by ultra 
violet light, the formation of the aerosol may lx* accomplished uniformly 
throughout the entire volume, and hence the circumstances of condensation 
and coagulation are everyw here the same. The stirring, essential in other 
methods to obtain uniformity of distribution, must accelerate coagulation, 
and is practically di.$pensed with in this method. We are therefore able 
with certainty to produce as uniform an aero.sol as possible. With suffi- 
ciently powerful illumination, strictly comjwable aerosols of different 
concentrations can be prepared. Whilst arsenic dusts prepared thermally 
and under the same conditions deviated widely from one another in 
behaviour, according to their concentration. Fig. 2 shows that ferric oxide 
fimokes of different concentration are not so diflerentiated ; the decrease 
m concentration and in number of particles are always in the same sense. 
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of compared unrestrictedly, 

because of the different ranges of concentration. The smaller initial 

th^l^tr^***** particle in the ferric oxide smokes, in comparison with 
Wh ‘ff a«emc smokes IS characteristic of a higUy unidisperse aerosol. 
tiina+ shown that ferric oxide smokes are not, unfor- 

tunately, suitable for general investigations, as they aggregate in a special 
way. Moreover, the course of the reaction expressed by the equation 

4Fe(CO), + 13O, = 2Fe,0, + 20CO, 
is completely unknown, so that unforeseen complications may ari.se here. 


Cs fOO m§/cbrn 

C" 50m^/cbm 
c » 25 m^/cbrn 
c* 12,5 mf /cbm 


20 UO 60 

Time, in minutesS. 


Summary. 

^ decisively affected bv the chemical 

realrf to Se fom preparation, particularly in 

regard to the form and size of the particles formed. Kelativelv finelv 

divided and approximately unidisperse systems have t>een obtam#»d in 
different and reproducible ways, in all of which, however the^e^e ™ 

been discussed. No method’ of pre^atiw 

methods of preparation depending on a closer knowledge of the^oid v 
condensation preceding the formatiL of particles^o^ 

*® W hytlaw-Gray, J. Chem. Soc,, 1935. 276. 


iitNERAL DISCUSSION. 

Dr. N. Fuchs (Moscow) (communicated) : In the work of Uraaovski and 
Kusmenko.> he d.spersity of NH.CI smokes forced ^I vrfSTSnfn 


Medium. ! ^.ir. 

1 Methsuie, 

j 

1 

Methyl 

AlcdM. 

Ethyl 

Akxibol. 

Propyl 

Aloi^l. 

Beosooe. 

Number of particles i 
perc.cm. . .jroxio* 

/ 

1-5 X 10* 1 

■ 

2 -$K lO« 

3*0 X 10* 

— * — i 

o»3 X 10^ 

0*8 X JO’ 


‘ Urasovski and Kusmenko. J. Physic. Chen,. (Russian), 1933, 6, 896. 
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As the weight concentration of smokes was very large (2 grams per cubic 
meter) they must have been very highly coagulated by the time they were 
examined and the results obtained can be interpreted as due chiefly to the 
different rate of coagulation in these media. The above figures show a 
con^lete parallelism with the diffusion coefficients of the media. 

The same authors studied also the effect on the dispersity of smokes 
caused by the small admixture of some easily adsorbed vapours to the air 
in which they are formed. Only highly coagulated smokes were again 
examined. The most striking effect was observed with the admixture of 
phenol vapours, which markedly increased the dispersity of some smokes 
(NH4CI) and decreased that of others (MgO). We agree completely with 
Stumpf and Jander that this effect should not be attributed to the change 
in the effectiveness of collisions betw'een the particles caused by the ad- 
sorbed layer. Most likely this layer causes a change in the size and form 
of the primary crystals,* and consequently in the structure of the aggre- 
gates formed from them. It would be very desirable to repeat these 
experiments, but adding the phenol vapours not before but after the 
formation of the smoke, as Stumpf and Jander have quite justly remarked. 

The charging of the walls of the smoke-chamber (p. 1050) will not lead 
to any stabilisation of an unipolarly charged smoke. If all the walls are 
charged to the same potential there will be no field whatsoever inside the 
chamber. If the pK)tential is different — the particles will move across the 
chamlx*r and .settle on one of its walls. 

• cy. cr\*5»taliisation from .solutions. 


A SEDIMENTATION METHOD OF FINDING THE 
NUMBER OF PARTICLES IN SMOKES. 

By K. WHYTL.^w-( jray, \V. (\wood and H. S. Pattkrson. 

Received nv/i February, I9j6. 

The interpretation of the process of coagulation in smokes which 
has been previously put forward ^ depends upon the accuracy of 
counting in an ultramicroscope cell. We have shown that the Zsig- 
mondy slit ultramicToscope gives an entirely erroneous estimate of the 
number of particles, and in consequence a special type of cell which 
we believe enables accurate data to be obtained wiis developed and 
used.'-* The unreliability of the slit iiltramicroscope was first revealed 
by preliminary^ experiments on the .sedimentation of smokes. This 
sedimentation method has been perfected and since it is free from certain 
objcctitms which might be urged against counting with the special cell, 
the agreement whicii vre have found serves to conform the validity of 
the previous conclusions on smoke coagulation. 

Essentially the method consists in enclosing a known volume of smoke 
taken from the centre of the experimental smoke chamber between two 
Strips of optically worked glass which form the top and bottom of a 
shallow box. The particles settle mainly on the lower plate and the 
number of particles can be counted when the deposit is suitably illum- 
inated. Knowing the depth of the box and the area in which the count 
is made, it is easy to calculate the number of particles per c.c. of the smoke. 

^ Patterson and Cawood, Proc. Roy. 1032, i36At 538. 

* Nonhebel, Colvin, Patterson and Whytlaw-Gray, Ptoc, Roy. Soc., 1927 
n6A, 540 ; Patterson, Whytlaw-Gray and Cawood» ibid., 1929, 134 A« 502. 
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Sedimentation Method of Counting. 

The enclosing of a known volume of smoke was accomplished by 
means of the device shown in Mg. i. 

The two glass plates A and B slide along the surface of a brass plate 
C perforated with a hole G. The glass plates are kept in position by 
sliding in grooves D, and are raised slightly above the level of the brass 
plate by strips of paper gummed to their edges. This device prevents 
abrasion of the highly polished surfaces by the brass. To the top of the 
plates are gummed strips of thin velvet ribbon to ensure that the plates 
fit tightly and move smoothly in the grooves. The plates originally occupy 
the position EF and are pulled simultaneously over the aperture into 
the position HK by means of strings. The small volume of smoke 
present in G is thus enclosed between the two glass plates and in stand> 
ing sediments almost entirely on to the lower. The plates used are about 

9 cm. long by 3 cm, 
jrj wide with a bevel at 
the front end whilst 
the aperture G is oval, 
the size being about 
1*2 cm. by 2-5 cm. 
Owing to slight tur* 
bulence and to diffu- 
sion, the deposit is apt 
to be irregular near the 
edges and it is there- 
fore necessary that the 
area of G shall be large. 
In practice, however, 
the greater part of the 
deposit is perfectly 
uniform provided that 
the cell is not too deep. Actually, we have used cells varying in depth 
from 2 to 10 mm. and within these limits the deposit is quite satis- 
factory though it is more uniform the shallower the hole. The brass 
holder carrying the plates was designedly of heavy metal to ensure thermal 
equilibrium and the absence of convection in the smoke during settling. 
We have termed the glass plates collector slides, and the brass cases in 
which they slide, collector slide holders. 

After the deposit had settled, the slides w^ere removed from the holder 
and examined microscopically, using a 16 mm. dfK)chromatic objective 
N.A. 0*30 and a ( x 12) or ( x 20) eyepiece carrying a suitable squared grati- 
cule. The surface of the slide on w'hich the particles had sedimented was 
illuminated from the front by a powerful focus^ beam of oblique light. The 
particles thus appeared as sm^I bright diffraction discs on a black back- 
ground. These operations were always carried out in a dust-proof box 
containing the microscope and slides, to avoid errors due to the deposition 
of floating impurities in the air, (Vmnting presented no difiBculty, the 
average number of particles per >K|nare of the eyepiece being obtained by 
enumerating a large number of fields in different parts of the deposit. 
Knowing the numbf t of particles per square, the area of slide corresponding 
to the .«^uare, and the depth of the slide, the nurab<*r 01 particles per c.c. 
can easily be found. 

In the intense beam of illumination used the ordinary surface of gla«s 
even when optically polished shows numerous imperfections which simulate 
prides. By special polishing however, these can be almost entirely 
eliminated. In addition it is necessary that the surfaces before use shall 
be carefully cleaned. With certain tjrpes of glass this cleaning is oot 
very difiicult when the technique has been acquired and the surface when 
cleaned remains free from imperfections over long periods. With other 
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types of glass it appears practically impossible to rid the surface, even 
for short periods, of particulate matter. Thus on one hand the gentle 
friction of cleaning may produce such electrification of the surface that 
any particulate matter in the vicinity descends on the slides like a snow- 
storm, whilst on the other, particulate films due probably to moisture, 
may be almost impossible to eliminate or may be formed on standing for 
a short period. We wish to express our indebtedness to Sir Herbert 
Jackson, K.B.E., F.R.S., for kindly advising us as to the best types of 
glass to use, and also to Messrs. Hilger, Messrs Taylor, Taylor and Hobson, 
and Messrs. Cooke, Troughton and Sims, for obtaining the very special 
surfaces nesessary. Even under the best condition.s, however, the clean- 
ing of the slides calls for considerable skill. In all cases when the slides 
had been cleaned, they were examined before use in the manner described 
to ensure that they were free from deposits. Also after they had been 
exposed to a particulate cloud, the unexposed portion was scrutinised to 
st*e that the surface had not deterk)rated. We found that the cleaning 
was best efiected by a fine lawm cloth which had l;)een trcjated beforehand 
with hot sodium carlxjnate .solutkin and washed in pure water. The 
slightest trace of grease spoilt the surface immediately. 

In studying the coagulatum of a smoke, six or more of these collector 
slides were fixed to a suitable sup|X)rt in the centre of the smoke chamber 
and the slides were drawn at definite times by means of strings passing 
through corks in the side of the chamber. 

Experimental Results for Coagulation. 

This meth<xi has l>een applied to a large numlxT of smokes and a 
considerable mass of data accumulated. A few typical results giving the 

TABLE 1. 



Cadmium Oxid«. 



Cadnuum Oxide. 

unf from 
Stan, 

Mm 

.Nuiulx'r per 
c.c >. 10 

ran loula If 
Volume >>; 10* 

TIum- 

Start. 

Mm. 

Nuiidter per | 
ft.'- jo~* 1 

Paniculate 

Vo 

3 

3-95 1 



5-37 1 

i-8t) 

7 

1-70 j 


5 

2-41 ] 

1 415 


I-I 4 1 

S-Hj 

10 

i 1*59 j 

(>•29 

*«'5 i 

! 0 ' 77 « i 

12^5 

20 

o-(h>6 

M *4 

2()'5 j 

0-571 \ 

1 7*50 

-25 

u't)7i 

14*9 

1 

0-425 i 

-* 3'55 

30 

, 0028 ; 

1 5*9 

4<)*5 i 

0-385 1 

20 -OO 

35 

; 0-482 

20*8 

fK) ; 

0\\J12 

3110 

45 

1 0-387 

i 25-S 

102 1 

j 0^74 j 

57-5 

55 

[ 0303 

1 

33*0 


variation of number and particulate volume with time are given in Table 1. 
The corresponding particulate volume-time curves are shovm in Fig. 2 . 

It is evident that these coagulation curves are entirely analogous to 
tho.se obtained with the special ultramicro,scojx* cell. Actually a number 
of comparisons of two methods of counting have l>een made simultaneously 
on the same smoke. For this purpose, cadmium oxide smoke from a 
cadmium arc was used. The data obtained in two different experiments 
given in Table 11., whilst Fig. 3 shows the corresponding particulate 
volume-time curves. 

It will be seen that there is a close agreement between the two sets of 
J^esults. This is, perhaps, the more striking when it is considered that 
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the two methods are subject to entirely different errors. It may be 

remarked that the examples 
given are those for smokes of 
a heterogeneous type which 
exhibit a large variability in 
the coagulation rates. 

Counting by sedimenta' 
tion has, however, its limita- 
tions. It is essential that 
the material used shall not 
be hygroscopic and obviously 
liquid particles which tend 
to wet the glass cannot be 
counted after settling on a 
slide. We have often watched 
the settling of tobacco smoke, 
of which a number of the 
particles are liquid, on a glass 
surface and it is interesting 
to see how rapidly the ma- 
jority of the particles either 
disappear or diminish greatly 
in brightness when they come 
into contact with the glass. 
Further with a highly dis- 
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perse smoke, especially in its early stages, all the particles may not be 
enumerated on account of the low intensity of the light scattered by the 

smaller units. In addi- 

tion, a time correction 
of small but uncertain 
magnitude should be 
applied to these early ^ 
points to allow for the 
coagulation taking place 
during sedimentation. 

Consequently, the col- 
lector slide counts for 
very fine smokes will 
be t(X> low. 
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Dr. R. Lessinit {Lon- 
don) asked whether the 
method was also ap- 
plicable to dusts. 

Professor F. G. 

Donnati {London) drew 
attention to the fact 
that the first observ-a- 
tions on photochemic- 
ally produced disperse 
systems in gasc^s were 
made by Tyndall very 

many years ago. In fact, the famous Tyndall beam 
work. 

Dr. F. T, Peirce (Manchester) said : I’he question seems to be whether 
there is real physical meaning in the zero of time on the coagulation curve. 
Is the extrapolation to zero made along the linear empirical relation of 
ijn — /, or in accordance wnth the the<5retical expression for K ? 

Dr. W. Gawood (Leeds), in reply, said : The method w'ould l>e easily 
applicable to dusts of the size range down to the limits given. We have 
successfully obtained a thick deposit with dusts of low' concentration, 
by u.sing collected slides of greater depth than those described. This 
meth(xl is, of course, quite ditierent from the ordinary' method of sedi- 
men til tion on to a cover glass, w’here the glass surfaces are not sufficiently 
perfect for oblique illumination to be used and with direct light the smallest 
particles are not counted. 


arose from thi.s 


THE INFLUENCE OF PRESSURE ON THE 
COAGULATION OF FERRIC OXIDE SMOKES. 

Bv W. Cawood and R. Whytlaw-Gray. 

Jander and Winkel,^ in a comprehensive research on ferric oxide 
aerosols, have shown that perfectly reproducible smokes can be obtained 
hy the photochemical decomposition of dilute iron carbonyl vapour 
(Fe(C0)5) in air. They point out that these ferric oxide smokes exhibit, 
their early stages at least, a high degree of homogeneity and that the 

* Kolloid zT.. tc>33, 63, 5. 
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method provides a ready means of studying the coagulation of aerosols 
at varying pressures. 

The results, however,, which they obtained for the course of coagula- 
tion at atmospheric pressure differ markedly from those of the majority 
of smokes we have examined and we attribute this difference to the 
method employed for counting the number of particles. Moreover^ 
the experiments they carried out at pressures below atmospheric, 
though showing clearly that coagulation takes place at a greater rate, 
did not give any indication of the form of the coagulation curves. For 
these reasons a further study has been made of the ferric oxide aerosols 
which are formed by the very elegant method of photochemical decom- 
position discovered by these two investigators. 


Experimental. 


In any research on the coagulation of smokes the essential measurement 
is the determination of the change with time of the number of particles 
per unit volume. For this purpose counting with the Zsigmondy slit 
ultramicroscope is often used, but this method, as we havx shown, is un- 
reliable when applied to smokes and may frequently lead to erroneous 
results.* In the experiments to be described we have therefore used the 
improved form of counting cell and the method which experience has 
shown to be reliable.* 

Our arrangements have been criticised by Jander and W'inkel * but 
we wish to point out that our method has been tested by comparison with 
two other independent methods of counting, viz. : the modified Aitken 
method developed by Green * and a sedimentation method descriljcd in 
this discussion. All three methods agree closely. We believe, therefore* 
that our system of counting particles is reliable. 

The smokes were dispersed in a similar manner to that used by Jander 
and Winkel.^ A thin glass capsule containing a solution of iron carbt)nyl 
dissolved in anhydrous ether was broken by means of an electromagnetic 
arrangement, at the centre of a zo litre pyrex globe containing filtered air. 
The flask was radiated by placing it upon a rotating table between two 
lo ampere arcs for six minutes. It was then connected with the counting 
cell and observations were made at suitable intervals of time. 

The first experiments were carried out at atmospheric pressure, in 
order to test the reprcxlucibility of the smokes. Three smoke.s of equal 
weight concentrations (16-5 mgms. Fe, O, per cub*c metre) were counted. 
When the results were plotted in the usual manner of particulate volume 
against time, straight lines were obtained in each case, within the limits 
of experimental error. Plotted in this manner each graph extrapolated 
back to near the origin and the slopes of the three agreed closely, the 


following values for the coagulation constant K in the equation - 
being obtained. 


I 

ti^ 




Concentration. K. (cm. •/min. x 10’). 

I. 10*5 mgms. per cubic metre 0*408 

ii. „ „ „ 0*407 

3 .. o*3q<^ 

The experimental points of one of the smokes are reproduced in Fig- J* 
These results show that the smokes are highly reproducible, and that 

* Pfoc. Roy. Soc., Au)zy, 116, 540. 

* Patterson, Whytlaw-Gray and Cawood, Proc. Roy. Soc., Aigi9» 134 * 5 ®^* 

* Schwebstofle in Gasen, T034, pp. 16 and 44. 

* Phil. Mag., 1^27, 4, i04e>. 
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the coagulation curves are very similar to those which we have obtained 
previously. They do not, however, agree with Jandcr and Winkel’s 
graphs for smokes of a similar concentration, which exhibit a distinct 
curvature and show a much higher number concentration at corresp)onding 
times. It may be 
noted that earlier 
counts made by one 
of us with a Zsig- 
mondy slit ultra- 
microscope and 
known to be erron- 
eous, approximate 
closely to their 
results.* 

Coagulation 
curves at pressures 
below atmospheric 
were obtain^ in 
the following way. 

After filling the 20 
litre globe with fil- 
tered air and intro- 
ducing the thin 
glass capsule con- 
taining the ethereal 
solution of iron 
carbonyl of the 
standard concen- 
tration, the pressure was reduced to a suitable value. The capsule was 
then broken and the flask radiated. Coagulation was allowed to proceed 
for a definite peno<i and then filtered air was admitted until atmospheric 

- - . - pressure w^as 

reached. The 
smoke was then 
thoroughly mixed 

< and counts taken 

t in the u.sual manner 



rwf m Mms 

Fig I. 



over a period of 
about half an hour. 
The extrapolation 
of the graph so ob- 
tained back to th<‘ 
time when the air 
was admitted gav^e 
the number of par- 
ticles per c.c. to 
which the smoke 
had coagulated at 
the reduced pres- 
sure. This pro- 
cedure was carried 
out a numl>er of 
times at the same 


2, initial pressure, 

allowing diflerent 

intervals to elapse before the pressure in the flask was brought up to 
atmospheric. In this way a number of points was obtained oh the co- 
^^Knlation curve at the low pressure. The accuracy of this methcxi 


• f*roc. Hoy. Soc., .- 4 1922, 101, f»oi 
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depends upon the degree of reproducibility of the smokes, but the data 
obtained from different experiments were perfectly consistent and showed 
no indication of irregularity. The method will be clear from Fig. 2. 
Thus the lines A, B and C represent the experimental graphs obtained 
after letting air into the globe. These all proved to be straight lines 

parallel to the coagulation graph at 
atmospheric pressure. A^ and 
C' are the points obtained by extra- 
polating the experimental graphs 
back to the time when the pressure 
in the flask was brought to atmo- 
spheric. It may be noted that 
there is very little error in this as 
the extrapolation is only of the 
order of two or three minutes. 
The points A\ B^, and were 
then plotted as in Fig. 3, showing 
the course of the coagulation at 
the lower pressure. The actual 
points plotted in Figs. 2 and 3 
correspond to the results taken at 
400 mm. pressure. The graph at 
T/me in Mtns. 200 mm. pressure was obtained in 

Pig, 3. a precisely similar manner. In 

Fig. 4 are reproduced the coagula- 
tion curves at 760 mm., 400 mm. and 200 mm. pre.ssure. 

These experimental graphs show several interesting features. They 
confirm Jander and Winkel’s observations that the rate of coagulation 
increases markedly as the gas pressure falls. On the other hand, the 
relationship between the 
number of particles present 
after the same interval of 
time in systems coagulating 
at different pressures does 
not, as these observers 
af&rm. appear to vary 
linearly with pressure. 

The graphs, over the 
time range considered, are 
straight and when extra- 
polated to zero time do 
not start from the same 
point. This would indicate 
that at the lower pressure a 
.smaller number of particles 
is formed initially than at 
the higher pressures. With 
stearic acid it has been 
shown • that in air at nor- 
mal pressure the number 
of primary particles must Tmt tn Mtns 

be very large and of the Pjg, 

order of 10'* per c.c. This 

value is in approximate agreement with a direct experimental determine* 
tion made by Fuchs and Oschman, ’ in which they found the initial number 
per c.c. about io‘^ and the radius 1-2 to 1*5 10 cm. in a sulphuric acm 
aerosol at atmospheric pressure. 

Our graphs for Fe, 0 , at atmospheric pressure also indicate a very 
^ Acia* Physica chimica U,R.S.S., I935» 
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high initial number and consequently a small value for the radius of the 
jmmary particle, whilst those for the 200 mm. pressure show that coagula- 
tion must start from much larger units. 

Although little is known directly about the early stages of smoke 
formation it is probable that nuclei are first formed in the supersaturated 
vapour and that a proportion of these grow rapidly by condensation to 
primary particles. On this view the results we have obtained indicate 
either that the number of nuclei present in the initial stages changes 
rapidly with pressure, or that the number of nuclei is constant but the 
proportion developing into primary particles becomes smaller as the air 
pressure falls. The particles in the Fe, 0 , smokes formed at atmospheric 
pressure should hence consist of aggregates of amicroscopic or ultra- 
microscopic primaries whilst those formed at low pressures should be 
composed of markedly coarser units. 

To test this jx>int a microscopic examination was made of the deposits 
obtained from two ferric oxide smokes of the same weight concentration, 
one of which had been formed and allow'ed to coagulate for three hours at 
atmospheric and the other at a pressure of 200 mm. The deposits were 
obtained both by direct sedimentation on to microscope cover slips and 
by thermal precipitation. They were examined with a 2 mm. Leitz 
aj>ochronatic oil immersion objective and illuminated by transmitted 
light of short wave-length. A marked difference in the character of the 
units composing the aggregates at once apparent. In both cases 
chain-like complexes w'ere predominant but the units in those formed at 
the higher pressure were beyond the limit of microscopic resolution and 
were indeed extraordinarily difficult to observe at all, whilst those in 
the aggregates formed at the lower pressure were very distinctly larger 
and easily observable. 

This result confirms in an entirely satisfactory manner the explanation 
given of the different starting-points of the graphs in Fig. 4. The effect 
of gas pressure on the size of the pjirticles is also supported by results 
obtained by Kohlschutter witli smokes of metallic oxides dispersed from 
an arc in air at various pressures.* 

The general form of the three graphs and their theoretical significance 
now calls for some discussion 


Discussion. 


It has been shown that the coagulation of various types of smoke 
is in conformity with the theoretical expression of Smoluchowski, if 
certain modifications are inserted to take account of the heterogeneity 
and the mobility of the smoke particles.* Thus the coagulation of a 
smoke containing about equal numbers of particles of range of radius 
of about I to 7 is given by 


clf * 3 VN 



1*25, 


and consequently 


where n = number of particles per c.c., 
piq = initial number of particles 
per C.C., 

/ mean free path, 
r = radii of particles, 
rj == viscosity of gas. 



I 



• Kohlschutter and Ehlers. Z, EU^trockemie, 1912, i8, 373. 
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The factor 1*25 is the heterogeneity factor and has this value for the 
particular size range mentioned above. Since r is the average value 
of the radius it will obviously depend upon the age of the smoke and may 
be calculated as follows. 

If the size range is i to 7 

then - . ^7rp{x^ + (2.r)® + . . . (7x)^) = M X 

/ 


where n is the number of particles per c.c., p their density, x the radii 
of the smallest and M the concentration of the cloud in mgms, per cubic 
metre. 

Therefore the average radius r of the particles will be 


1/ M . 1 0 “^* 


It is interesting to note that the average radius calculated in this 
way is only about 0*81 of that calculated by assuming that all the 
particles are of equal radii. 

The above expression has been applied to our smokes and the dotted 
lines in Fig. 4 give the theoretical curves so calculated. The only effect 
of the reduction of the pre.ssure upon the equation is to increase the 
value of If the mean free path of the gas. 

It will be seen that the theoretical curvT calculated for the smokes 
at atmospheric pressure is in good agreement with the experimental 
curve. The agreement, however, is not at all good at the lower pressures. 
This is due to the fact that the rate of coagulation of any two particles 

of radii and r, is proportional to the factor 

The change of this term with pressure is not constant for different 
values of and r^, consequently the size distribution and heterogeneity 
of the smokes must alter quite appreciably with change of pressure, 
even though the mass concentration is kept constant. Thus we should 
not expect the equation which agrees with results taken at atmospheric 
pressure to agree with those at reduced pressure unless allow'ance can 
be made for the alteration in size distribution. 

It must be borne in mind when considering these ferric oxide aerosols 
that on account of the chain -like character of the aggregates in the 
later stages of coagulation, the particles even in the earlier stages may 
deviate considerably from the spherical in form, and the applicability 
of the Smoluchowski theory modified in the above manner to these 
may well be questioned. We are led, therefore, to the conclusion that 
though this theory provides a useful qualitative hypothesis for the 
explanation of the kinetics of the coagulation of aerosols in general, it 
cannot be expected to express quantitatively the coagulations of more 
complex systems such as these ferric oxide smokes, although for certain 
systems, such as stearic acid, the correspondence between experiment 
and theory is very" close. 


Summary. 

A study has been made of the coagulation of ferric oxide aerosols 
dispersed by the photochemical decomposition of iron carbonyl in presence 
of air at pressures of 760, 400, and 200 mm. The particulate volume 
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graphs are found to be linear but their slope becomes steeper as the pressure 
falls. 

The values of differ markedly in the three cases and indicate that 
the smokes formed at lower pressures start from larger primary particles. 

Microscopic examination of the aggregates confirms this conclusion. 
The limitations of Smoluchowski’s theory when applied to smokes of this 
type are discussed. 


GENERAL DISCUSSION. 

Mr, C, H. Bosanquet (Billingham) said : The fact that the straight 
lines showing i jn in terms of i at different pressures do not cut the axis of 
zero time at the same point may be due to the Ijr term in Smoluchowski's 
equation being predominant in the initial stages when r is very small. 
This would cause pronounced curvature of the lines near the origin, the 
effect being more marked at the lower pressures. Comparison of the 
values of n after equal lapses of time would not then give directly com- 
parable result.s, accounting at least in part, for difierent mean particle sizes 
being found. 

Dr. W, Cawood (Leeds) said in reply : If the theoretical curves shown 
by the dotted lines in Fig. 4 are calculated by assuming ~ o, then the 
l;r correction will not give the required curvature In practice the curves 
for the low pressure results, calculated with this assumption arc more or 
less parallel to those given in Fig. 4, but start from zero. The only way 
to obtain an even approximate agreement betw'een theory and experiment 
seems to be to assume the initial numl)er obtained by a linear extrapolation 
ot the experimental results. 

The effect of the //r correction may l>e shown approximately by solving 
the (‘q nation given in the paper for 



assuming the expormiental values for a and t. Since at the low pressures 
the exp)erimentai points do not lie exactly along the theoretical cur\’e, the 
values for er* will not lx; the same for the different experimental values of 
o and t, but the values of oq s<» obtained are not widely different from 
those obtained by a linear extrapolation. 

rhe empirical correction for radius in Harper's theory certainly tends 
to make the curvature smaller, but this correction, which incidently 
appears to bt; given more rigidly by Fuch’s treatment of Smoluchowski’s 
equation only applies to particles smaller than about 3*5 x 10 cms. 
radius. In our douds the particles are larger than this after two or three 
minutes and consequently the extrapolation would not be greatly changed. 

Dr. W, R. Harper (Bristol) said : The extrapolation of the particulate 
volume/time graph as a straight line to zero time is inconsistent wdtli the 
variation of the coagulation coefficient for small partide size implied by 
the formula assumed in the paper, and though the variation is less on my 
own theory, it would still be sufficient to invalidate any conclusions con- 
cerning the existence of primary particles drawn from this extrapolation. 

Mr. A. G. Grant (Darlington) said : In the formation of a particle of, 
J^ay, 10 « molecules from a condensing vapour, there must first be a union 
of t\vo or more molecules, this first group growing until it reached the size 
of Whytlaw Gray's “ primary partide.” Although considerations of 
coagulation apply to these ” primary particles,” fuithex extrapolation of 
the curves show^ing particles size against time, should lead to a bi-molecular 
particle, unless there is some discontinuity. In other words, either the 
pr^ary partide is a somewhat arbitrary unit, or it represent?^ a point 

m discontinuity. 

Dr. R, Lessing (London) suggested that the differences observed at 
varying pressure may be due to the chemical mechanism of the decom- 
position of iron carbonyl rather than to the behaviour of its vapour. In 
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the commercial production of nickel from its carbonyl slight variations in 
the temperature of decomposition changed the structure of the fresh 
metal bloom deposited on the old nickel pellets. Dewar ^ has shown the 
influence of pressure on the temperature of decomposition of nickel carbonyl. 

Mr. C. F. Goodeve {London) said : What is the exact meaning of the 
term “ primary particle/' as used in this paper and the introductory paper. 
The term seems to imply some clearly defined intennediate state between 
the original molecular dispersion and the colloidal one obeying a bi-molecular 
coagulation law. The extrapolation to zero time does not seem to be very 
useful, because it depends on a too accurate measurement of time and 
definition of the starting-point. 

It is necessary also to consider the mechanism of the formation of ferric 
oxide smokes. The question as to the necessity for condensation nuclei 
before the formation of smokes or fogs has often been discussed. 1 am 
attempting to build up a quantitative theory based on initial clu.stering 
of the molecules in a supersaturated gas — a theory somewhat on the lines 
suggested by Volmer.* It is now possible to determine approximately the 
heat of formation of clusters of 2, 3, 4. etc., molecules, knowing only the 
latent heat of evaporation of one molecule from a flat surface of the solid 
or liquid substance. As a rough approximation, the energ>' required to 
separate two molecules in contact in a cluster, is one-tenth of that required 
to remove one molecule from a flat surface. The energy required to remove 
one molecule from a triple cluster is about twice this and, from a quadruple 
cluster, less than three times. The latent heat of evaporation of ferric 
oxide from a crystal is probably not known, but would be greater than 
100,000 Cals, per gram molecule. This means that, if two ferric oxide 
molecules collide and are relieved of their excess energy by radiation or by 
collision with gas molecules, they would require about 10,000 Cals, per gram 
molecule energy to break them apart. This amount of energy could rarely 
be obtained at room temperature, where the average energy per degree of 
freedom would be a few hundred Calories, Double clusters, once formed, 
would grow very rapidly to larger clusters and eventually to .smoke particles. 
It is seen therefore, that, in the case of ferric oxide, it is entirely unnecessary 
to have nuclei present before conden.sation could occur. 

These considerations, however, do not apply to super-saturated water 
vapour. Two-molecule clusters are held together by only about 1000 Cals, 
and would be ver>’ readily broken up on collision with gas molecules. 

From these considerations it is very difficult to see how. with feme 
oxide, any discontinuity in the condensation process could cxicur. The 
building up of clusters and their coagulation to larger particles would be 
a smooth continuous process, following approxin.ately the considerations 
given. 

Mr. G. W. Stack (Leeds) said : The number of pnm&ry particles is 
dependent upon the rate of formation of nuclei and upon their rate of 
growth when formed. The former (in the case of smokes of Fe,Of and 
similar substances of vanishingly low vapour pressure) is probably equal 
to the number of molecular collisions and wdll therefore be independent of 
the nature of the medium, whilst the latter (being governed by the diffusion 
of vapour to the surface of these nuclei) is assisted by the increased 
mobility due to the lower pressure in the case of the experiments at 200 mm. 
and 400 mm. The combined result is that fewer nuclei have time to be 
formed in the short interval before supersaturation is relieved. 

Professor Dr. G. Jander and Dr. K. E. Stump {Greifswald) (cof^i- 
mumcated) : This work emphasises the great importance of such photo- 
chemical reactions in the investigation of those aerosols in whi^ 
readily volatile material forms a substance of very low vapour pressure 
and a gaseous product, e,g. by the interaction of the oxygen of the air in 

*/. Chem. Soc,, 1904, 96 , 11 ., 488. 

* M. Volmcr, Elecitochem,, 1929, 35, 555. 
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the photolysis of iron pentacarbonyl vapour to produce iron oxide, dust 
and carbon oxides. 

The authors' results agree with those of our own recent work, qualita- 
tively but not quite quantitatively, therefore fuller quantitative investiga- 
tion of this whole complex question is needed ; we shall therefore repeat 
the more fundamental measurements with every precaution to avoid ex- 
perimental error. 

Dr. N. Fuchs {Moscow) {communicated) : The chief difficulty in the 
investigation of the formation of aerosols lies in strictly separating the two 
quite different processes involved, viz., the condensation of vapours and 
the coagulation of the primary aerosol. This may be done either by 
" fixation " of the primary aerosol by very strong dilution or, as done by 
Cawood and Whytlaw-Gray, by extrapfdatiou of the numbers of particles 
per c.c. found in a coagulating aerosol to the moment of its formation. 
The second important obstacle (the difficulty of obtaining uniform super- 
saturation throughout the whole volume of the vapour) is completely 
removed in the phottKhemical method of smoke formation used in this 
work. We could therefore say that the exjH'riments of Cawcx»d and 
Whytlaw-Gray were made under ideal amditii>ns except for the relatively 
long (6 min.) time spent in the formation of the smoke. 

The chief result of these experiments (the increasing of the dispersity 
of the primary smoke with the air-pressure) can ly" interpreted unequivoc- 
ally from the view-jyjint of the mfyiem theory of nuclei formation in super- 
saturated systems.* Since, according to this the^>ry, the number of 
nuclei fonned in unit of time must be independent of the air-pressure, the 
result mentioned can only be caused by different rate of growth of the 
nuclei. For partich’s considerably smaller than the mean free path of the 
gas-molecules, the rate of grox^lh is also indeptmdent of the air-pressure : * 
a jxirceptible ditference in the rate of growth at different pressures will 
begin only when the growing particles have reached the size of about 
it)"‘ to io“*j cm. Henceforth they wall grow the faster, the larger the co- 
etfu lent of diffusion of l*'e(Ct))j vapour, i,e. the less the air-pressure. 

Dr. W. Cawood {Leeds) said : With reference to Mr. Gwdeve’s sug- 
gestions as to the formation of condensation nuclei from the molecules of 
ferric t^xide itself, I am in complete agreement. Indeed, we meant to 
im]»Iy such nuclei in the paper. 

rhe difference Ixdween comlensation from sujiersaturated vapour 
and coagulation, I consider to be ijuite sharj) and ilefined. In condensation, 
the molecules of the siqnT.satu rated va|X)ur ctillide and an amount of 
ent'rgy equivalent to the energy of formation of the solid is dissipated, 
a homogeneous primary cry^ital or particle Ixung thus formed after a 
sutticiont numlx^r of molecules have condenstrd. In coagulation, however, 
wt* have the case of tw*o of the.se primary crystals colliding. They do not 
in general form one crystal (except in the rare case of the correct edges 
toinciding and even then an adsorbed layer of gas might keep them 
separated) noi do they dissipate energy l>ecause they are already in the 
solid phase. This type <»f coagulation wrould form the loose-chain-like 
which we observed. 

Thus, we see that whilst condensation builds up homogeneous particles 
or cr^ stals, coagulation (in the case of solids) forms aggregates. Moreover, 
the first process, with a substance like ferric oxide would be much faster 
tlian the second. It appears very likely therefore, that in the formation 

such smokes, primary crystals are really formed initially and almost 
instantaneously by condensation, whilst coagulation is a secondary process. 

Professor R. Whytlaw-Gray [Leeds), in reply, said ; Little is knowm 
the initial stages in the formation of smoke. As Mr. Goodeve has 
l*^nnted out, in systems of non-volatile particles such as those of ferric 

• Becker and Ddring, Ann. Pkysik., 193 $, Mf 7*9. 

* Fuchs. Physik. Z.d. Sovjeiunion, iqii* 4i 4^*- 
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oxide it is very unlikely that any of the small molecular clusters hrst 
formed split up again, as is the case with volatile systems, and it might 
be contended that the process is a continuous one of progressive aggregation 
from the molecular to the particular state. If this were so, a freshly formed 
smoke should always be heterogeneous and contain all sizes of particles 
and this heterogeneity should persist during coagulation, giving an ex- 
tended size distribution of the Smoluchowski type. On this view I agree 
that the term “ primary particle ** would be difficult to define. It appears 
to me, however, that the process is not a continuous one. As a result of 
molecular encounters a certain number of larger clusters will be formed 
which contain sufficient molecules to give crystalline units or super-cooled 
droplets. These will then act as nuclei or centres of condensation for the 
molecules and smaller clusters, and the system formed finally will be 
approximately homogeneous. 

This apparently is what happens in the formation of a gold sol ; primary 
particles of crystalline gold are formed and, as Zsigmondy and others have 
shown, the process is dependent on the rate of formation of nuclei and the 
rate of crystallisation. 

If this interpretation can be applied to a smoke, compact particles, 
often crystalline, will first be fonned, these are the primary particles. 
These will immediately begin to coagulate, and will form later the complexes 
of loose or chain-like structure which we see in the microscope. The units 
composing these complexes can, in the case of many smokes, be separated 
by peptisation with suitable solutions to form hydrosols (as Kohlschutter 
has shown) but the size of the particles in these has not been determined. 

Coagulation, then, is the linking together of compact solid units, which 
may be crystalline or amorphous, and seems to me to be essentially dif- 
ferent from the processes of molecular condensation by which the smoke 
is formed. Probably the two processes go on simultaneously to some 
extent and in the early stages the multiple particles formed by coagulation 
may be cemented together by condensation. 


THE MOVEMENT OF DUST OR SMOKE PAR- 
TICLES IN A TEMPERATURE GRADIENT, 

By W. Cawood. 

Received list Marck^ 1936. 

The existence of a dark space round a hot body in a smoke or dust 
was first observed and studied by Aitken. Since then the size of the dark 
space and its relations with temperature difference and pressure have 
been studied by various observers, but no quantitative explanation of 
the phenomena has been put forward. The effect is almost certainly not 
due to the radiant energy of the body, for the particles of dust or smoke 
are in continuous rotation and consequently have an even surface 
temperature. Also there appears to be no reason why the dark space 
should have a sharp edge if the phenomenon be due to radiation. 
Finally, quite a strong effect may be observed at the edge of a solid 
body only about 10® C. higher than the surrounding air, when the 
radiation would be extremely small, and moreover the dark space does 
not appear to be dependent upon the nature of the solid surface. 

A consideration of the mechanism of the conduction of heat from 
solid bodies to gases appears to afford a clue to the true explanation ot 
the effect. 
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It is well known that when a solid body is heated by a flame, there 
is a sharp temperature gradient near to the surface of the solid.* Thus, 
an old experiment is to boil a kettle with a piece of paper stuck on the 
bottom. The paper does not char, showing that the hot gas molecules 
do not actually reach it. The dark space may be observed if the 
velocity of the flame is not too great, and may reach a thickness of about 
2 to 3 mm. If the upward velocity of the flame is increased the dark 
space gets thinner, but never entirely disappears. This one would 
expect, because the temperature gradient near to the cold surface is 
set up at a velocity of the same order as the molecular velocities, whilst 
the blast velocity of burning gas is much smaller. 

It is interesting to note, however, that if a smoky flame is used, 
although the dark space may be observed with ease, the solid pai tides 
of carbon are projected through it and deposited on the cold surface, 
the reverse effect of the dark space round a hot body in a smoke. 

This affords a clue to the latter phenomena, i.e., that there is a force 
which tends to move small particles down a temperature gradient. 
In other words, that smoke particles will tend to be repelled by a hot 
body and be attracted by a colder one. 

Let us now consider the conduction of heat between solids and 
gases in greater detail. Consider an infinite flat plate at a temperature 
Tj and a gas below it at a lower temperature Tj, and from the foregoing 
let us assume that the total temperature gradient is contained in a small 
strip of gas near to the hot plate. If now there were no convection 
currents, that is, mass movements of the gas, then if we take any small 
surface in the temperature gradient 


A — A jC, 

wliore NiN^ are the number of molecules per cubic centimetre on each 
side of the surface with components perpendicular to the surface, and 
•'ire their average volocilio corresponding to the difference of 
temperature dT. This of course is the relationship which Knudsen^ 
finds to hold at low pressures and through small apertures. 

< onsecjucntly 


and 


A jCj* Cj 

^ - /Li 
iLt 

\ 7 \ 


If, then, there were no convection, the pressure of the gas near the 
fiot plate would be higher than at distances more remote. In practice, 
no pressure differences arc to be detected under a horizontal hot plate 
evrn with an accurate oil gauge. This is because convection is present 
and the abov'c assumptions do not hold good. As Knudsen ^ has showm, 
the pressure difference can be observed and indeed confirms the square 
foot law, only if convection is obviated by connecting the two vessels 
containing gases at a different temperature by means of tubes of radius 
the same order as the mean free path of the gas. 


♦ This is known as the skin efleset in engineering. Measurements of the 
conductivity from gases to solids appear to give the gradient as about 
a mfllimeter wide. 

M. Knudsen, Ann , Pkysih , 1909, 38, 75, 999 ; 1910, 3^, 809. 
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It must be emphasised, however, that although convection destroys 
the pressure differences it does not destroy the temperature gradient. 
As is shown by the flame experiments, the gradient may be made steeper 
by the quick mass movements of the gas, but is never entirely destroyed 
Let us now consider a small cylinder of gas in the temperature 
gradient, of length about twice the mean free path of the gas. If the 
cylinder has a sufficiently small radius, convection currents will not 
affect the movements of the molecules parallel to the axis of the cylinder, 
for the perpendicular velocity gradient of a convection current is not 
continuous, but must vary in steps of the order of magnitude of the 
mean free path of the gas. Consequently the velocity on both sides of 
such a cylinder will be approximately equal. Such a cylinder will 
therefore move bodily in the current, but the temperature difference 
between the ends will be the same, and apart from the average tem- 
perature being altered, the cylinder will otherwise be unaffected. 
Consequently in this very small cylinder one would expect Knudsen’s 
laws to be obeyed. 

Consider now a smoke or dust particle in the middle of the cylinder. 
It will be bombarded by gas molecules moving in all directions but it is 
only necessar^'^ to consider the bombardments due to molecules moving 
perpendicularly to the plate, and if F is the force per unit area parallel 
to the plate then the total force on the one side of a spherical particle is 

r»r/2 

I F . 2Trr^ sin 9 . cos 6 . dO 
Lf.ttt^ 


The force on the spherical particle due to the bombardment of the 
gas molecules may now be calculated in a similar manner to that in 
which Einstein * calculated the force on a vane radiometer. 

Thus iNiCi{7rr^) molecules wnll collide with the particle on one side 
and iNfC2{7rr^) on the other, where N and c have their usual significance. 
The difference of velocities of the molecules accounts for the heat flow. 
Thus the heat flow if the particle was not there 

- M/- iN,i, . (»•■) . ^ - 1AV.M ■ 

= . . . . (.) 

where / = heat or energy flow per unit area ; 
m = mass of gas molecules. 

If Cl and C 2 are the velocities appropriate to the temperatures at the 
place of the last collision, t.e., at the ends of the cylinder then 

iwr* = §RT 

1 'T' 

and ~ ^ 

where L = mean free path of gas. 

. . . • W 


* A. Einstein, Z, Physik, 1924, 37, i. 
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If now we consider the smoke particle then there will be excess of 
momentum (k) away from hot plate 

i.e., k = ^NiCi{irr*) . wc, — . mc^ 

= — wc*] . . . . (3) 

and if the impulse due to recoil is neglected then k — force on particle 

... k = (from (i) and (3)) 

= — \NiR . ^ . L . wr* (if c = and c is very nearly = 

<4) 


If a smoke particle moves under a constant disturbing force how- 
ever, we have 


k - 


6nfirV 



V velocity ; /a *== viscosity ot gas ; A — constant, 
s the edge of tlic dark space acts a.s a semi-permeablc membrane 
le smoke as a wliole exerts an osmotic pressure on the edge of the 

efjual to ~ . V where n - number of particles per 22*2 litres, 

le particle this is the component of the Brownian motion on the 
KT 

nd is therefore and the fone of one particle on the space is 


r* Consequently 

i ‘’ Tx T-"- 


(IT L 


bnftrV 

Ff) 

AT 


iV ■ 


nr^ 


V ^ 


(ytt\kr 


■( 


I + 


t)- 


The velocity given by the above equation is the velocity in the 
small cylinder of gas which we have considered. If, as actually happens, 
there is a convection current towards the plate, the actual velocity 
will be reduced, because the cylinder will be moving bodily in the current 
iind if the convection is fast enough the dark space should not be ob- 
served at all. As will be seen later this is confirmed by experiment. 
Also, although the velocity appears to be proportional to the radius of 
die particle this is not actually the case, for the fundamental assumption 
that the radius should be of the same order as the mean free path of 
tlie gas (t\e. about lO*"* cms,). If the radius is much larger than this, 
then if the dust-free space is due to molecular bombardment, the force 
Will be destroyed by the convection effects and very large particles 
^'tght not to move away from the hot body. According lo other 
observers this actually is the case,* 


• H, H. Watson, iMts discussion. 
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If the temperature gradient is linear over the region of the dark 
space, then the time taken for a particle to move from the plate to the 
edge of the dark space may be calculated as follows. 

KT 

From the last equation (neglecting the . ttt* term) 


~ d/ 


where 

and if ^ is constant 
dx 



then Tg = 

IT 

dx 

. X Tq 

w'here Tq is temperature of gas. 



dx 


K 


dT\ 

\ - x -^Tq 

dxj 

(CTh 

11 

£* 

z 

+ To . *) 




. 6 ,. 


( 5 ) 


Some rough experiments have been carried out in order to see if the 
last equation gives values of the right order. A small ultramicroscope 
cell was constructed in which the top of the cell was a flat brass plate, 
which was also the bottom of a hollow chamber through which steam 
could be passed. The cell was illuminated by an arc beam, which was 
focused so that the edge of the beam was just touching the brass plate. 
Into this cell was blown tobacco smoke. The dark space was immediately 
observed, and with steam going through the plate, the thickness was 
about o*o8 cms. in the middle. Towards the edge? the thickness was 
rather smaller, due presumably to the slightly lower temperature of the 
edges of the plate, w'hich w^ere in contact with the ebonite cell. Under- 
neath the dark space there w^as a general convection current, upwards 
towards the hot plate, but the particles rising in the current did not pene- 
trate into the dark space. The whole appearance was as though there 
was an invisible barrier, through which the gas rose but not the particles. 
By blowing into the cell, the dark space was momentarily destroyed, and 
then all the particles began to move away from the plate with a roughly 
uniform velocity. The time taken for the particles to move from the 
edge of the plate to the edge of the dark space was about 3 seconds. As 
the convection current upwards was of about the same order the true 
velocity through the gas was about twice that actually measured. Con- 
sequently the time taken to move through the dark space was about 
1*5 secs. 

Let us now see how this agrees with the foregoing calculations. From 
equation (5) 


i 




12 fl. 
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The ceU was wanned by contact with the hot plate and thus the 
temperature of the gas Tq was on the average about 50“ C. and 
<i7' 50 - 

“dx ~ average temperature in the dark space being 

about 75° C., the viscosity fi may be taken as 2-i < io~* dynes/cm.* 
The particles were of about lo-* cms, radius. 

Consequently 

t = 0*59 secs. 

We thus see. that whilst the equation gives a value of the right order, 
the velocity is actually alKiut three times tm great. This is probably 

because the value taken for is too large owing to the temperature 

gradient not being linear. On the whole, considering the roughness of 
the experiments, the agreement is satLsfactory. 

Whilst the above gives the explanation of why the particles move 
away from a hot body, it does not enable one to calculate the width of 
the dark space. This appears to be almost impossible because it obviously 
tiepends so much upon the convection currents, and consequently the 
design oj the apparatus. It appears as though the temperature gradient 
is set up at regions very near to a hot body at a speed of the same order 
as molecular velocities, but that this speed, farther away from the body 
is much slower, being only of the same order as the ordinary con\'ection 
eHects and the gra<lient is consequently affected by them. 


THE DUST-FREE SPACE SURROUNDING HOT 

BODIES. 

By H. H Watson 
Received ^th March, 1936 

1. Summary. 

Il a hut Ixxiy is placed in a chamlx*r containing dust or smoke, and if 
it he illuminated suitably, a welbdehned dust-free space is seen surrounding 
the \xx\y and e.s tending above it as a .sort of wedge. The particles in the 
chamlxr follow the convection currents set up by the hot lx)dy, but do not 
cross the apparent barrier of the dust-free space The thickness of this 
^pacc was found to increase as the 0-52 [xiwer of the temixrature difference 
l>t‘tween hot Ixidy and ambient air, and inversely as the o*6t power of the 
iur pressure. The magnitude of the space is independent of the nature of 
the dust or of the particle size ; it de|>ends, howcN er, on the size and shape 
the hot body. l>eing wider the larger the IxmIv, and increasing at twice 
the rate for vertical plane surfaces that it does for horizontal circular rods. 
At atmospheric pressure the thickness of the dust-free space A is connected 
e, the temperature excess of the hot Ixxiy over the ambient air, and 
R. the convective heat loss per unit area of the hot body per sec., by the 
following equation ; 

where L is a constant, independent of the size of the body, but double the 
^ for vertical plates that it is for horizontal rods. 

A review' of the various suggestions as to the cause of the dust-free space 
been made There is evidence that it is caused by a differential 
^olecular bombardment on the particles in the very steep and varying 
ttTnperature gradient near the hot body. 

37 
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One practical significance of the dust-free space is discussed in a brief 
reference to the design of the thermal precipitator dust sampling apparatus. 


2. Description of Phenomenon. 

When a hot body is placed in a chamber containing dust or smoke, 
and illuminated suitably, it is seen that there is a well-defined dust -free 
layer embracing the body, and ex*f^ding above it as a sort of wedge 
(Figs. I and 2). The dust or smoke particles in the chamber follow the 
convection currents set up by the hot body, but do not cross the ap- 
parently impenetrable barrier of the dust-free space. 

Tyndall ^ and Rayleigh * observed only the wedge of dust-free air 
above the body, and Aitken * and Lodge and Clark, ^ working almost 
concurrently, were the first to observ’c and describe that part of the dust- 
free space which embraces the body. 

Aitken was able to show that the effect is not due to gravitational 
forces, centrifugal forces, vaporisation of the particles, radiation, or 
electrical forces, and concluded that it is caused by the stronger moleculal 
bombardment on the particles in a direction away from the hot body. 

Lodge and Clark 
made a few meiisure- 
ments and concluded 
that the space increases 
with increasing tem- 
perature of the body, 
and with decreasing air 
pressure, and decreases 
with increasing mole- 
cular weight of the gas 
in which the phenome- 
non is studied. 

The present investi- 
gation shows that the 
thickness of the dust- 
free space increases with increasing temperature difference between the 
body and ambient air (equivalent to the walls of the enclosing chamber), 
at^a rate which is rapid at first, but begins to fall off, until at about 
70® C. temperature difference it becomes sensibly constant, up to at 
least 250® C. difference, beyond which measurements were not made (see 

5)- The magnitude of the effect depends on the size and shape ol 
the hot body, but not on the nature of that body. Horizontal circular 
rods and vertical plane surfaces were used in these experiments. 

Although the particulate clouds used (principally magnesium oxide) 
were heterogeneous, with at least a 20 to I size range (o*l/i to 2-Oft 
diameter), the edge of the dust-free space is sharp and well defined, 
indicating that, up to at least 2*op,, particles of all sizes are influenced to 
the same degree. Similarly, the nature of the particulate cloud does uoi 
affect the thickness of the space ; such w'idely different substances 
magnesium oxide, flint dust, carbon black, tobacco smoke and sulphur 
“ smoke ” were used. 


CONveCT«ON 
Current. — 





Bounoahy or 
OUST-rRtt SPACE. 
Fio. I. 


1 

2 

a 

4 


Tyndall, J., Proc, Roy, Inst,. 1870, 6, 3. 

Rayleigh, Lord, Ptoc. Roy. Soc,. 18S2, 34, 414. 

Aitken, J., Tram. H. S. 1884, 33, 239. 

IxKige, O. J. and Clark, J. W., PkiL Mag.. 1884, 17, 214- 
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The space has the same thickness round more than half of a horizontal 
rod and opposite most of the surface of a vertical plate, in fact, opposite 
all parts of a hot body not affected by the convection wedge. 

There are two complications which may occur in the study of this 
phenomenon, both of which were observed and accounted for by Aitken. 
First, the apparent dust-free space may be enlarged considerably, because 
of the vaporisation of particles w'ith a low boiling-point. Lenher and 
Taylor * observed this effect, caused by the evaporation of sulphuric 
acid mist near a hot platinum wire. The cloud produced by burning 
sulphur in the chamber will give two spaces for high temperatures of the 
body, the inner one, which is the true dust-free space, quite free from 
particulate matter, the outer one containing ordinary smoke, but no 
product of low boiling-point (e.g, sulphur tri-oxide) (Fig. 2). Secondly, 
if moisture or some other liquid is constantly evaporating from the hot 
^urface, an enlarged space is obtained. In this respect it is interesting 
to note the effect when carbon tetrachloride is evaporating from a rod, 
which is initially at the same temperature as the surrounding air. A 
well-marked dust-free space is produced, but the wedge is pointing 
downwards, as the rod is cooled by the rapid evpporation. This observa* 


tion supports the 
theory that the 
effect is due to a 
molecular bombard- 
ment. No dust-free 
space is produced 
merely by cfjoling 
the b^y. 


3 . 


Description 
Apparatus. 

rhe dust cham- 
Ikt. in which the 
experiments were 
made, consisted of 
ii water - jacketed 
brass cylinder, A, 
7*6 cm. long and 
cm. internal dia- 
meter (Figs. 3 and 
4), clampi^ ffrmly 


Thcsmomcter 


of 



h ui. 3 


I] 


with its AXIS horizontal. The front end was closed by a glass window, B, 
while a wooden bung, D. ^^ith a central brass bush, C, fitted into the 
‘>ther end. 

Five different bodies were used : 


Body A. Vertical plane copper surface, 6 0 cm. high, 3 0 cm, wide. 
Body B. Vertical plane copper surface, 3*1 cm. high, 3*0 cm. wide. 
BotFy C. Horizontal circular copper rod, 0*90 cm. diameter. 

B<Kly D, Horizontal circular copper rod, 0-46 cm. diameter. 

Ik)dy E. Horizontal nichrome wire, 0'0254 cm. diameter. 


The rods passed through the bush, and were held in position along the 
axis of the chamber b\' a clamping screw. The wire was also srif ported 
along the axis, the ends passing out of the chamber through tw'o holes in 
fhe bung. The plane surfaces were supported v’ertically, in the centre of 
fhe chamlx^r and along its axis, by a bracket fixed to the bush. 


* Ixrnher, S., and Taylor, G, B., /. Amer, Chem, Soc., 1929. 5 G * 74 *- 
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The rods were heated electrically by a resistance coil, K, wound round 
the end of the rod projecting from the chamber, the heat being conducted 
along the rod. The wire (Body E), was heated by an accumulator, while 

the two vertical planes each 
were made up from two 
similar plates with a heating 
coil sandwiched between 
them. 

A small copper-constan- 
tan thermo-couple, M, was 
used to measure the tem- 
peratures of the rods and 
plates ; those of the wire 
were computed from its 
electrical resistance. 

*1 ^ At a distance of 2*5 cm. 
from the front of the chamber 
were two windows, F, G. 
These were arranged at op- 
posite ends of a horizontal 
diameter of the chamber, 
and the light from Zeiss 10 
amp. automatic arcs, H, 
illuminated the hot body 
through the windows. The 
windows were covered by a stop, L, so that a ribbon of light, rendereii 
only slightly divergent by a lens, entered the chamber. 




TtMPERATURt OlfFERCKCE BET WECH MOT BODY 1^ WALU« Of CONTAINING 
VESSEL 

Fig. 5. 

A horizontally moving travelling microscope, with its axis parallel to 
and on the same level as that of the chamber was used to observe' and 
measure the dust-free space. Visibility of the space was better and 
measurements easier to make when dense clouds were used. Multiple 
scattering of light inside the chamber was reduced to a minimum by painting 
the walls a dull black. 
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The water jacket, through 
which tap water was running, 
kept the walls of the chamber 
at a constant measured tem- 
perature. 

The thickness of the dust- 
free space was measured for 
the five bodies for temperature 
differences up to about 250° C. ; 
all measurements were made 
horizontally outwards from the 
surface of the body. 

4. Results. 

Measurements of the thick- 
ness of the dust-free space were 
made, using magnesium oxide 
smoke, produced by burning 
magnesium ribVx>n (Table 1 .). 

5. Accuracy of Measure- 

ments. 

The thickness of the dust- 
free space w^as measured to 
within 0*0005 cm. The focus- 
ing of the microscope was 
somewhat coarse due to the 
large depth of focus of the 
optical system, and errors of 
about 3 j>er cent, were pos- 
sible. This error would be the 
same for the whole of one set of 
observations, during which the 
microscope was usually not re- 
focust^d. Temperatures were 
measured to the nearest degree 
t'entigrade. 

6. Interpretation of Re- 

sults and Empirical 
Formulae. 

The results show that tin' 
dust -free space increases in 
thickness with increasing tem- 
perature difference between 
the hot body and the ambient 
air. For any one temperature 
|t also increases with the linear 
dimensions of the hot body 
(diameter of a horizontal rod, 
and height of a vertical plate). 

Figures for smokes and 
dusts other than magnesium 
oxide have not been repro- 
duced, but within the experi- 
mental error of about i 3 per 


TABLE I.* 


Temp, of 
Water 
Jacket. 
CC.) 

Temp, of Hot 
Body. 

(“C.) 

] 

Temp. 

Difference. 

0 (*C.) 

Thickness of 
Dust-Free 

1 Space. 

1 A (cm.). 

Body A. 

Vertical plane surface. 6 -o cm. 

high, 

, 3*0 cm. wide. 


17 

5 (> 

39 i 

0-032 


88 

71 

0*048 


124 j 

107 

0058 


154 

137 

o*o66 


181 ! 

164 

0*071 


184 

167 

0*076 


218 I 

201 

0-081 


248 

-231 

0*092 


286 

269 

0*097 

Body B. 

Vertical plane surface. 3*1 cm. 

high, 

, 3'0 cm. wide. 


16 

44 

28 

I 00275 


61 1 

45 

0*0355 


88 , 

72 

0043 


128 

1 12 i 

0*052 


131 1 

115 i 

0*052 


158 1 

142 

o*o6o 


165 

149 i 

0*062 


206 

rgo 

i 00705 


261 

245 

1 0*083 


Body C. Horizontal circular rod, 0-90 cm. 
diameter. 


K. 

37 

27 i 

0*017 


48 

38 ; 

0*0 1 95 


64 

54 

0*023 


1 96 

86 

0*0295 


I 122 

112 

0*034 


>59 

149 

0*038 


174 

164 

0*0405 


182 

172 

1 0*041 


206 

196 

! 0*0445 


i 254 

244 

1 00495 

Body D. Horizontal circular rod. 0*46 cm 
diameter. 

10 

42 

32 

! 00135 


57 

47 

0*0 1 65 


66 

56 

0*019 ’ 


76 

66 

0*0205 


90 j 

80 

.00215 


118 

108 

0027 


150 

140 

0029 


190 

180 

00345 


205 

195 

0*036 


221 

211 

00385 


245 

235 

0*041 

Body £• Horizontal 
meter. 

wire, 0 0254 cm. dia 

10 

92 

82 

00135 


143 

133 

0*015 


>58 

148 

0*01 6 


164 

154 

0*017 


187 

177 

0*0 1 95 


223 

213 

0*0205 


240 

230 

0*022 


• These results arc plotted in Fig. 5. 
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cent, they agree with those for magnesium oxide. The figures of Table I. 
were plotted on logarithmic scales and the following general relation 
between A and ff obtained : — 

A^K&^ (I) 


TABLE II. 


where A is the thickness of the dust-free space, 0 is the temperature 
difference, K and a are constants. 

The values of K and a for the different bodies are given in Table II. 
Miyake * has made recently some measurements of the dust-free 
space surrounding vertical platinum ribbons, 3 to 10 cm. long and 0*5 cm. 

wide. He found that the thickness 
of the space increased as the 0*7 
powxr of the temperature difference. 

To obtain a single formula for all 
bodies, the way in which K varied 
with the shape and size of the body 
was studied. The rate of convective 
heat loss from a hot body is given 
by: 

H = . . (2) 


Body. 

! Value of K . 

j 

Value of ft. 

A 

o*oobi 

0-51 

B 

0-0054 

0-55 

C 

00035 

0-49 

D 

0-0027 

0-55 

E 

0-0015 

0-52 


Mean value of a 0-52 where H is the convective heat loss 

per sec. from unit area of the hot 

surface, and C is a constant which 
varies with the shape, size and orientation of the body. The value of 
C has been determined experimentally for horizontal rods and vertical 
plane.s. It is independent of the length of rod and width of vertical 
plane, and its values for the five bodies have been obtained from curves 
given by Fishenden and Saunders,’ and are tabulated in Table III., 
6 being given in ° C, and H in calories per sq. cm. per sec. 


TABLE III. 


TABLE IV. 


Body. 

Value of C of 

Equation (a). 

Body. 

j Valu<* of L. 

A 

I 03 X IO-'‘ 

A 

152 A 10 

B 

1*53 X 10 * 

B 

15.9 X 10 

C 

0-93 X 10 

C 

8-i V 10 -» 

D 

1*25 X lO’-* 

I) 

7'i y io-‘ 

E 

5-87 X 10 

I-: 

7-4 10 » 


The best relationship between C and K is : — 

K = ( 3 ) 

where L i.-> a constant. 

The equations now reduce to : — 

A = . . . . ( 4 ) 

Values of L, obtained by substituting the actual recorded values of 
A and 6 , and the calculated values of H in equation (4) are given in 
Table IV. 

•Miyake, S., Report of the Aeronautical Research Institute, Tokyo University, 
I035> 10, 85. 

’ Fishenden, M., and Saunders, O. A., Calculations of Heat Transmission, p. loj 
(London, H.M.S.O.. 1932). 
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The mean value of L for vertical planes is thus 15*6 X and for 
horizontal rods 7*6 X io~*. It is interesting to note that L is almost 
double the value for vertical planes that it is for horizontal rods. We 
may obtain, therefore, the thickness of the dust-free space for horizontal 
rods and vertical planes of any size from equations (5) and (6). 

Horizontal rods : — 

A = 7*6 X . . . (5) 

Vertical plane surfaces 

/I ~ 15*6 X . (6) 

where A is in cm., 9 in degrees Centigrade, and H in calories per sq. cm. 
per sec. 


7. Effect of Air Pressure on the Dust -Free Space. 

W. G. lies has extended this work and has investigated the effect of 
air pressures less than atmospheric on the thickness of the dust-free space. 
He used an electrically-heated vertical plane sur- 
face 3*1 cm. high (Body B), and made measure- 
ments at five different temperatures, determining 
the thickness of the space at various pressures for 
each temperature ot the body. He found that, 
at any one temperature, the thickness of the 
dust-free space opposite the plane vertical sur- 
face, 31 cm. h’gh, varied inversely as the o*6i 
power of the pressure, P. His results are sum- 
marised brietiy in Table V. 

For the plane vertical surface, therefore, we 
may combine the variation of A with B and P in 
the one equation — 

A ^ /y* ^ . . (7) 

The relation l>etween thickness of dust-free space and air pressure, 
calculated from the figures given by Lodge and Clark (/oc. ctt.A p. 226) for 
a horizontal rod of carbon give >--* 

AxP 

It appears therefore that the pressure effect and formula (7) is the same 
for all lx)dies, although this will have to be verified by further exi>eriments, 
especially as Miyake,* found for a vertical platinum ribbon that : — 

AxP'-^ 


8. Review of Suggested Explanations of Phenomenon. 

Tile idea of a simple differential molecular bombardment on the 
particles to produce the dust-free space does not explain why the edge 
of the space is fixed and well defined. It can be proved that, due to the 
differential molecular bombardment in a temperature gradient, there 
should he a force on a small particle, w hich is directly proportional to the 
temperature gradient dT’/dr. A temperature gradient exists at ever>" 
point betw’een the hot body and the walls of the experimental chamber, 
but the dust-free space docs not grow' to fill the chamber. There must be 
some retarding action w^hich stops the effect at a small distance, A^ from 
the hot body. It seems possible that, in the rapidly moving convection 
stream, the effect of the thermal force does not have time to develop 
beyond a certain distanctv 


TABLE V. 


Temp. Differ- 
ence e («c.). 

\’aJue of C in 
Formula 

A » BP-^. 

41 

0‘6l 

68 

063 

S8 

0-59 

145 

0*58 

181 

o-6i 


Mean value of C : o-6r 
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Very near to a hot surface (within o*i cm.) the temperature gradient 
is very large, although the precise w^ay in which the temperature varies 
within this distance is not knowm. In this connection Randas and 
Malurkar ® are hoping to explore the first o*i cm. from a hot surface. 
It seems probable, therefore, that there is a definite minimum value of 
6 T Jdx required to produce the effect, the force due to which is just balanced 
at the edge of the dust-free space by some force which is connected with 
the rate of the convection stream, and hence the loss of heat due to 
convection, H. We may write in a general way : — 

F(dTldx) = // . . . . (8) 

The temperature gradient at any point w'ill depend on the temperature 
difference, 6 ^ between the hot body and the ambient air, and inversely 
as some function of the distance from the hot body. At the edge of the 
dust-free space, at a distance A from, the hot body, we have therefore : — 

= H ( 9 ) 

Equation (9) is of the same form as the empirical equation (4^. 

Bancroft • has suggested that if a particle is heated on one side, the 
film of adsorbed air on that side will be diminished in thickness, with the 
result that air will flow round the particle from the cooler to the warmer 
side, tending to restore equilibrium. The result will be that the particle 
is sucked away from the hot body. Bancroft considers that this action 
and that due to a molecular bombardment take place simultaneously. 
It is unlikely, however, that the film of adsorbed air w’ill be of the ^ame 
thickness, or held with the same force, by such widely different substances 
as carbon and magnesium oxide, but the thickness of the dust-free space 
is the same to within about 5 per cent. 

That radiation has no influence in producing the dust-free space is 
evident from one or tw'o simple experiments. Aitken, for instance, 
observed that the space was of the same thickness opposite both lialves 
of a hot plate, one half highly polished and the other half blackened. 

In a recent paper, Miyake ® has suggested that the dust-free space 
is due to the Magnus effect, produced as the result of the velocity gradient 
near a hot body. At the surface of a hot body there is no air movement, 
but the upward velocity of the convection current increases with the 
distance from the surface until, at a small distance aw’ay, it reaches a 
maximum, and afterwards decreases, but at a slower rate. Miyake 
found this distance of maximum velocity to be about twice the distance 
of the edge of the dust-free space from hot vertical platinum ribbons. 
A particle within the dust-free space will be always nearer the hot body 
than this region of maximum velocity. It will thus have a slightly 
smaller velocity of air movement, due to the convection stream, past the 
side nearest the hot body than past the side more remote. This will 
produce a spin, and the consequent drag on the particle in the moving air 
stream, or Magnus effect, will move it away from the hot body. 

Now, a velocity distribution, zero at the surface and increasing to 
attain a maximum value at a short distance from the surface, such as 
that due to convection currents past a hot body, exists when air is flowing 
past a surface, whether that surface is warmer, cooler or at the same 
temperature as the dusty air. In each of these cases, the theor>' would 

• Randas and Malurkar, Ind. J. Physics, 6, part i ; 7, part 6. 

• Bancroft, W. D., J. Physic, Chem,, 1920, 24, 421^ 
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demand the Magnus effect to produce a drift away from the body. No 
dust-free space is observed, however, opposite a body which is colder 
than or at the same temperature as the air streaming past it ; it is only 
formed round a hot body. The Magnus effect, therefore, does not pro- 
duce a dust-free space. 

It seems fairly certain that the phenomenon is produced by a dif- 
ferential molecular bombardment, and for this to be effective the value 
of dr Idx must be above a certain minimum ; this minimum depending 
on the temperature difference between hot body and ambient air and the 
rate of convective heat loss. 

9. Thermal Precipitator Dust Sampling Apparatus. 

Consider a wire, W, (seen in section in Fig. 6 ) placed in a horizontal 
position centrally between the two opposite plane surfaces, A and B, of a 
narrow vertical channel ; suppose that the 
wire is heated to a temperature at which the 
thickness of the du.st-free space in free air is 
at least as large as the distance between the 
wire and either plane surface. Then, if air 
containing dust or smoke is drawm down 
towards the wire the particles will not be 
able to penetrate the dust-free barrier ex- 
tending across the channel. The particles 
will be deposited just above b and where 
the dust-free space comes into contact wnth 
the surfaces. The air, freed from particles, 
will paSvS by the wire. 

This, brieriy, is the principle on which the 
thermal precipitator dust sampling appara- 
tus has l)een con.structed. A wdre similar Fig. 6 . 

to lx)dy E, 0*0254 cm. diameter, is used and 

the deposit of dust or smoke is obtained on cover-glasses arranged just 
within the dust-free space. The dust record can be examined micro- 
scopically. 

This dust sampling instrument is practically loo per cent, efficient, 
a. feature which makes it very suitable both in the laboratory and in 
factories and mines for estimating accurately the dust or smoke concen- 
tration. 

My thanks arc due to Mr. J. D. Fry, who suggested this investigation, 
for his continued interest and advice. 

Green. H. L., and Watson, H. H., Medical Research Council, Special Report 
Serie.s, No. 199 {H.M.S.O., 1935) • 

GENERAL DISCUSSION* 

Mr, C, H. Bosanquet (Billingham) said : At high pressures with large 
connecting tubes between the bulbs the Knudsen therm^ pressure difference 
effect bre^s down, not through convection, but owing to the return ffow 
due to gas pressure. The initial rate of thermal transpiration is proportional 
to the temperature gradient and the cross-section of the tube. The return 
ffow is proportional to the pressure gradient, and the square of the cross 
section. Unless the capillary is very small, the full Knudsen pressure 
difference cannot then be approached. 

The number of molecules approaching the hot plate must be equal to 
the number leaving it in the same time, but their mean velocity is less, 

♦ On two previous papers. 

37 ♦ 
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giving a transport of momentum away from the plate, and driving away 
the particles in a manner analogous to the action of a Crookes' radiometer. 
This should show up as a force on the plate, though a search tube would 
not necessarily show’ a pressure, since the temperature gradient at its 
mouth would be less than that at the surface of the plate. 

Dr. T. L. Ibbs (Birmingham) said : The work of both authors leads to 
the conclusion that the dust-free space round a hot body is directly asso- 
ciated w’ith the temperature gradient. This effect is similar to the thermal 
diffusion effect ^ in gases ; simple experiments we have made from time 
to time on smokes appear to confirm the influence of the temperature 
gradient on the separating effect. 

Chapman * has considered the question of brownian displacements 
and thermal diffusion of grains suspended in a fluid, and predicted a separ- 
ating effect. In a smoke suspension there are therefore all the conditions 
required for a thermal separating effect ; and the dust sampling apparatus 
described by Watson shows the practical efficiency of a temperature 
gradient as a separating device. Tentative calculations made by Dr. 
B. E. Atkins support the idea that the separation produced by a small 
temperature difference might be considerable. The question raised by 
Sir Robert Robertson as to the cau.se of the black marks on walls near 
radiators and steam pipes appears to be explained by the tendency of dust 
particles to move down a temperature gradient, causing them to be 
deposited on a cold surface. 

The apparatus used in many experiments on this subject has taken the 
form of a hot wire in a large enclosure, and the dust-free space has been 
observed near the wire. The conditions awe complex, as there will be a 
layer of gas practically at rest near the hot wire, surrounded by gas in 
considerable movement due to convection. This limits, in effect, the 
extent of the temperature gradient, and consequently the thermal separa- 
tion, to a small region round the wdre. The increase in the wddth of the 
dust-free space obtained by reducing the air pressure is probably due to 
the reduced effect of convection, with a consequent extension of the 
temperature gradient. To obtain further progress, convection should be 
avoided as far as possible. 

Professor K. G. Emeleus (Belfast) said : Useful information about 
the distribution of density in the gas near the hot body — and hence its 
temperature — also about the possible presence of local eddies in the con- 
vective streaming, would probably be obtained by using an interferometer. 

Mr. A. G. Grant (Darlington) said : I^of . Whytlaw-Gray suggested in his 
introductory paper that the thermal precipitation phenomena might have 
a practical application to the industrial removal of dispersoids from gases. 
From the present discussion it seems evident that the dust-free zone breaks 
down for gas velocities much above zero. From this, it seems as though 
the phenomena cannot in fact And an industrial application ; this being 
the case, will the authors explain what, apart from the evolution of the 
thermal precipitator for obtaining dust slides, is the object and value of 
this work ? 

Professor R. Whytlaw-Gray (Leeds), in reply, said : My reference in 
the introductory paper was not meant to suggest that thermal precipita- 
tion has at present any industrial applications. It is, however, of interest 
as it involves an effect which has hardly been studied and the explanation 
of which is still somewhat obscure. A closely related phenomenon is the 
deposition of particulate matter on cold surfaces from hot disperse systems. 
This too needs investigation. 

^ See references in Proc. Physic. Soc., 1931, 43, 142 ; see also T. L. Ibbs and 
A. C. R. Wakeman, Proc. Roy. Soc., A, 1932, 134, 613 ; P. H. Emmett and J. F. 
Schultz, J. Amer. Ckem. Soc., 1932, 54, 378 ; 1933. 55, 1376 ; and 1933, 55 » ^ 93 ^ ; 
G. and O. Bluh, Z. Physik., 1934, 9^f 12. 

* S. Chapman, Proc. Roy. Soc., A, 1928. 1 19, 34 ; and Proc. Roy. Soc., A, IQ28, 

*19,55. 
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Mr. T. C. An^us (London) said : Should the downward air velocity in 
the thermal precipitator be not substantially greater than the natural 
upward velocity due to the convection currents from the hot wire ? 

Dr. R. Meidau (Berlin) said : If a hollow metal sphere of about 
10 cm. diameter and pierced with fine holes is used as a condenser in a high 
tension field of 30,000 to 40,000 volts, and a fog or vapour cloud is forced 
through the holes, the fine particles take up to a very large extent a uni- 
polar charge. Such an arrangement has been utilised by the firm Koerting 
of Hannover for inhalation apparatus and Dr. Wedekind, Cologne, reported 
upon experiments with it in the Zeitschrift fur Bahieologie, Sprung, 1936, 
giving remarkable results. 

Mr. C. F. Goodeve (London) (communicated) : I think that a quantita- 
tive treatment of the dust-free space cannot satisfactorily be made until the 
experimental arrangement is such that convection is avoided completely 
and controlled temperature gradients are obtained. The fact that the 
dust- free space has the same thickness at points around most of the hori- 
zontal rcKl seems an unexp>ected coincidence. Apparently, the variation 
in velocity of the convection current exactly compensates the variation 
in thickness to be expected from the different times the particles are in 
the temperature gradient. 

Bancroft’s suggestions, referred to in this paper, that smoke particles 
are “ sucked ” in a temperature gradient cannot of course be taken seriously. 

Dr. W. Cawood (Leeds), in reply, said : In answering criticisms regard- 
ing the small cylinders of radius of the order of the mean free path in which 
Knudsen’s Laws [t.e., A'lr, = A' jC*) hold, 1 would like to point out that this 
is the fundamenial assumption of the attempted explanation of the pheno- 
mena. Unless vSomething of this kind is postulated one would expect a 
force even on objects of a much greater size, such as small vanes, etc. 
As far as I know, such forces are not obtained. 

1 will explain the idea of these small cylinders a little more fully. Ima- 
gine a cylinder about 1 mm. wide moving with a convection current. 
Then, considering only the movements of the molecules parallel to the axis 
of the cylinder, there will be mass movements of the gas in the cylinder, 
because the velocity at one side will be greater than at the other. As 
the radius gets smaller the difference of velocity will get less and it seems 
quite reasonable to suppose that in a cylinder of which the radius is of the 
order of the mean free path, there will be no difference of velocity and the 
cylinder of gas will move bodily in the convection current without mass 
movements inside it. 

Mr. H. H, Watson (Porton), in reply, said : Sir Robert Robertson 
hcis referred to the deposition of dust on walls and the pattern staining 
on ceilings. Particles of smoke and dust in the air of a room are carried 
upwards by convection currents and are blown about in all directions by 
draughts. When these particles, often in quite rapid motion, are brought 
into contact with the w'alls, ceiling and furniture of the room they are 
deposited there, if the solid surface is cooler than the surrounding air. 

For instance, there is usually a black deposit on the wall just above 
a hot water “ radiator ” or pipe. The convection currents bring mamy 
more particles into contact with the wall than does normal diffusion, and 
the conditions are right for deposition there. It is perhaps not so much 
due to a thermal force causing the particles to move down the temperature 
gradient on to the cool surface of the wall, as to the fact that the w all is not 
protected by a dust-free space. 

The replica in light and shade on a ceiling of the construction in, and 
immediately behind, the plaster is a familiar sight, especially in industrial 
towns. When there is a woo<ien lath backing to the plaster, that part of 
the ceiling not backed by the laths is cooled by the air circulating above 
the ceiling, and dust can be de^sited there. The laths insulate the 
remainder of the ceiling very efficiently, and dust cannot be deposited if 
the surface temperature is above that of the ascending air, because of the 
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protecting dust-free space. When the ceiling is backed by steel girders, 
as in the Chemistry Department of the University of Leeds, we have an 
inv^erse effect. That part of the ceiling backed by the girders is kept 
comparatively cool and a deposit is obtained there. To prevent pattern 
staining tlie temperature of the ceiling must be uniform over its surface. 
Work to attain this end has been done by Bonnell and Burridge.* 

In rooms heated by direct radiation, as by an open fire, the walls and 
furniture are warmer than the air. They are thus protected by a dust- 
free space, and the dust in the air tends to remain in susjxjnsion, and is 
not deposited to the same extent as when the air is heated by convection, 
i.e., by steam pii>es or hot water radiators.'’ for then the air is usually 
wanner than the walls and furniture, and there is no protecting dust-free 
space. 

In reply to Mr. Angus : If a thermal precipitator is supported alone 
in a dusty atmosphere, without a water aspirator or a source of suction, 
the convection stream from the wire pulls air upwards through the in- 
strument at a rate which is so .small that a very sparse dust deposit is 
obtained. This shows that the suction velocity is large compared with the 
opposing convection velocity. 

In reply to Dr. Ibbs and Mr. Gk>odeve : I agree that much useful in- 
formation would be obtained by studying the dust-free space when con- 
vection has been eliminated. W’c also want precise information about the 
N’ariation of temperature within the first millimetre from a hot surface. 
For the practical application of the phenomenon, however, the space 
must be examined as it <x;curs in free air, and the empirical formuhe 5 and 0, 
which I have obtained, used. 

* D.S.I.R., Building Research Bulletin, No. 10 (H.M.S.O., 1031) 


THE DETERMINATION OF SIZE DISTRIBUTION 

IN SMOKES. 

By FI. S. Patterson* ami W'. Cawood. 

Received lotli February^ 1936. 

Smokes, unle.-s di>pcrscd under very special conditions which we 
have previously described,^ consi.st of particles var\Ing very com^idcr- 
ably in size. The determination of the .size frequency or size distribu- 
tion, tliat is, the numbers of particles of different sizes present, a 
matter of considerable difficulty. < Generally speaking, the methods 
which have been attempted fall into three categories, firstly, those 
in which a ^inuiltaneous measurement is mad<‘ of a numlier of particles 
suspended in air, secondly those in which some property of the particles 
is utilised to obtain separation of the variou.s sizes, which can then l>e 
enumerated, and lastly those in which the smoke is allowed to sediment 
and an estimate made of the size frequency. 

The first method is necessarily photographic, since it i.s impassible 
visually to estimate .simultaneously a number of particles, and if they 
are measured successively, they tend to be selected rather than chosen 
at random. An ingenious photographic attempt was made by Wells 
and Gerke ^ who photographed the traces as seen in an ultramicroscope, 

^ Proc. Roy. Soc., 1932. ijbA, 538. 

*y. Amer. Chem. Soc., 1919, 41, 318. 
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in a stream of charged particles moving horizontally under photophoresis 
in a vertical alternating electric field. Each particle traverses a zig-zag 
path, by measurement of which its size can be deduced if its effective 
density and electric charge are known. Since there is considerable doubt 
^is to both of these quantities the method cannot be used to give an 
accurate size distribution. 

This method has Ix^en developed and improved by Fuchs and 
Petrianow* who apply an alternating potential at right angles to the 
particles falling under gravity. 

FVom the zigzag trace> obtained photographically, both the charge 
and mass can be calculated and from the tracks of a large number of 
partic les the size distribution can be obtained ; this method can be used 
for particles of n dius of 0‘3/x but for smaller particles it is untrustworthy. 
Whibt for droplets tliis method is reliable, for aggregates such as are 
usually present in <mok(‘.«5, the evaluation of the effective density is 
difficult and hence the calculation of the radius from the mass is 
uncertain. 

For coarse smokes we have attempted to photograph the vertical 
tract's ’“due tc» particles falling in the field of the ultramicroscope, but 
(>ur results appeared to be of little value owing to the difficulty of 
avcMcling convection currents. 

J’he second nu'thod lias been used by Rohmanii ^ who charged 
a narrow ribbon of particles by p.*,ssing it through an ion stream and 
then preu[)it<ited the particles on to pajier by means of an electric 
field ruder tiu-^e comlitions the charge caught by the particle.^- is 
pro! alily proj»ortional tc* the scjuare of tlieir radius and hence on 
dt position se[)aration of the various ^ize.- .should CM:cur. This method 
has given gi>o<i re'^ulls with dust, but is unsatisfactory for the finer 
disper>e .‘‘ystenl^ Rc'geruT,^ on the other ha.nd, has suggested passing 
a smoke .a varying velocities through a spiral, when p.irticles above a 
Cert. on <i/(; should be reniox'eci by centrifugal .tctiuii, and counting the 
residue. In this case, the results would proh.^bly be vitiated owing to 
increase in the velocity of coa.gul.ition, 

F<»r particulate "ysrenis cemsisting of solid nonhygroscopic particles, 
sedimentation on to a slide, followed by microscopic measurement has 
trecjuently been used, and various types of sedimentation boxes in which 
e column of the smoke or dust is allowed to settle on to a microscope 
slide or cover glass, have been devised. The deposit is examined 
microscopically by transmitted light using an objective of high resolving 
power, and the particles are nuM^iurecl by an eyepiece micrometer. 
This method is both slow and laborious and, moreover, can only be 
applied to particle.s which are well within the* limit of resolution of the 
microscope. 

To overcome these difficulties we have carried out investigations 
along two lines. 

(1) Photometric Method. 

In this method, the deposit which in our experiments we obtained in 
a collector slide by means of the apparatus already described • was 
illuminated from the front to give a dark field as for counting. It was 

» Koll. Z.. 1933. 17** Phystk, 1923, 17, 253. 

* Freundlich, Colloid awrf Capillary Chemistry, 1922, 774. 

♦ See page 1056. 
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then observed mth a special eyepiece previously described,* containing 
an artificial particle. The brightness of the artificial particle could be 
varied by means of a neutral wedge and matched in brightness against 
individual particles in the deposit. In this way, if the law of scattering 
is known it is clearly possible to deduce the relative sizes of the particles, 
and divide up the total number into groups according to size. In practice 
the method proved somewhat laborious, but it is the only way available 
at the present time for investigating small particles. The most serious 
objection, however, is that the law of scattering varies considerably for 
particles having a radius in the neighbourhood of io~* cm., the index 
diminishing for homogeneous particles from the sixth power to the square 
of the radius with a comparatively small increase in size. For coarse 
smokes with particles well above this limit, the method should, however, 
be able to be applied easily. A typical coarse smoke is that obtained 
by burning magnesium ribbon and measurements have been made with 
this material. The law of scattering in this case has been previously 
measured over a fairly long size range ' for particles suspended in the 
air, but since this smoke consists of loose complexes which on settling 
tend to flatten somewhat a further complication is introduced. Fhe 
results obtained, though incapable of precise interpretation, showed 
clearly the progressive variation of size frequency as coagulation proceeded. 


(2) Graticule Method. 

By the examination of smoke deposits by direct light under the micro- 
scope using a high resoh ing optical system, it has Ixjen found possible, 
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with the help of a specially 
designed graticule, to esti- 
mate rapidly the size fre- 
quency of particles ranging 
from about i*io“* to 25*10“^ 
cm. radius. A suitable de- 
posit can be obtained in the 
very early stages of a smoke 
by using a collector slide 
holder ♦ 2 mm. deep, and 
in the later stages 5 or 
10 mm. deep, according to 
the number of particlas. In 
practice for the graticule 
used a collector slide holder 
about 1 cm. deep gives a 
convenient density of de- 
posit for a smoke containing 
about a quarter million par- 
ticles per c.c. Instead of collecting the deposit in the usual way, the liottom 
collector slide is replaced by a brass plate carrying a No. i microscope 
cover glass. The brass plate in the collector slide holder is pulled in the 
ordinary way and after allowing time for sedimentation, the cover glass 
is removed and carefully mounted on a thin glass microscope slide. Tlie 
ootical systems which we have found best for obtaining the clearly defined 
images essential for satisfactory results consists of a 2 mm. apochromatic 
objective N.A. i‘4o, used with a ( x 12) compensating ocular and a substage 
achroniatic condenser of aplanatic aperture as near N.A. 1*0 as possible. 
There is no gain in using an oil immersion condenser, since the deposit 
IS mounted dry. This combination gives a f cone in the objective, w^hich 
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• fatterson and VV hytlaw-Gray, Proc. Hoy, Soc., 1026, lilA. \iz 

* See p. 1050. ^ w 
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is often considered to be the best working condition. As ilium inant we 
have used a pointolite lamp together with a green or blue light filter. 

The graticule, which is inserted in the focal plane of a ( x 12) compensat- 
ing eyepiece, consists of a rectangle and a series of ten numbered circles 
and corresponding discs as shown enlarged in Fig. i. These appear super- 
imposed on the deposit as seen in the field of the microscope. The images 
of the circles and discs correspond in size to particles ranging from i*io-® 
to 2510-** cm. radius when the deposit is viewed with a 2 mm. Leitz 
apochromatic objective N.A. i«4o and a tube length of 17 cm. The size 
of the rectangle under these conditions is 5*10-* by 2*22 . 10 cm. and 
for a different optical system the graticule can be standardised by measuring 
the dimensions of the rectangle with a stage micrometer. These grati- 
cules have been made to our design by Messrs. Rheinberg. The particles 
contained within the rectangle can be rapidly matched by eye against 
the discs or circles and their sizes determined. Since as a rule there are 
only about 6 particles in the rectangle, it is necessary to match a large 
number of fields, usually about 50, in order to obtain a good average. 
The numbers of the various sizes are noted down and a record is kept of 
the number of rectangles estimated. Since the area of the deposit 
corresponding to the rectangle and the depth of the collector slide holder 
are kno^vn, the 
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ence the size 

distributu)n may be estimated by this method both rapidly and accu- 
rately. If as a check a circle is occasionally superimposed on a particle 
by movmg the mechanical stage, it will .l>e found that the estimate of 
size is practically never in error. It may be noted that whilst wdth a 
coarse smoke all the particles will be seen and enumerated by this method, 
with a fine smoke the smallest particles are likely to be invisible and in 
this latter case the total number should be counted by the special ultra- 
microsco{.>e cell or the collector slide method.® Actually, of course, the 
limit of visibility of small particles \dewed by transmitted light, lies well 
below the limit of resolution. On this account, the .smallest particles will 
all lx‘ reckoned as being of radius 110-* cm., whilst some of them may 
be Ixdow this size. It may be noted that the method can only be applied 
to non-hygroscopic particles of fairly high melting-point. It is not 
suitable for example for stearic acid, since the particles of this material 
tend to melt and spread due to the heat focussed by the condenser. Again, 
with loose aggregates such as the particles of nia^esium oxide, an error 
may be introduced due to some flattening occurring on settlement. For 
the investigation of spherical particles such as those formed by the 
dispersion of certain dyestuffs or of fine dusts such as silica, the method is, 
however, reliable.’ 

Some results obtained with magnesium oxide smoke dispersed by 

’ Cp. Green and Watson, Mtfdical Res^j^ch CoukciI Report, No. i<». 
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burning 6 ins, of ribbon in a cubic metre chamber are shown diagram- 
matically in Fig. 2. The more rapid disappearance with time of the smaller 
particles is evident. In this case only two deposits taken at 10 and 32 
minutes from the start were counted. 

The further application of this method should afford a means of tracing 
the change in size distribution during the life history of disperse systems 
in gases, provided the minimum size of particle is greater than 0*2^ radius. 


THE COHESION BETWEEN SMOKE PARTICLES. 


By R. Stevenson Bradley. 


Received igih March^ 1936 . 


The assumption is usually made that smoke particle.s will ^tick 
together on collision. With a liquid dispersion medium there is evidence ' 
that this is not always true, and that a reverse may proceed at the same 
time as a direct coagulation. With smoke particles, however, reflexion 
after collision has not been obsers^ed, but a pair of particles often g\Tate 
round their centre of gravity at what appears to be a slight distance 
apart. It is of interest, therefore, to study tiie condition.*^ of temperature, 
size of particle, surface energy, etc., under which cohesion occurs with 
solid particles. In the case of liquid particles the lower energy consequent 
upon the formation of a large drop, due to decreased surface, will usually 
ensure coalescence, although the rever.se occurs when a living cell breaks 
up into two units. 

The cohesion between solid sfdieres has been rk rived theoretically by 
the writer,* and studied experimentally with quartz spheres. If w'e 
assume a very general Jaw of force / between molecular centres,* the 
cohesive force of attraction between tw'o spheres of radii and is 
very nearly 

F = 47 tv r ^ 

’’i + ’’lUv — — 4)(« — 5)d”'^ 


(w — i)(m — 3}(w — 4j(ni — 

where / q tJie number of molecules per c.c. and d the 

smallest distance betwx'cn the centres of the surface molecules of the tw'O 
spheres, flattening of the spheres is not considered. The same assump- 
tions, neglecting such refined considerations as the energy involved in the 
rearrangement of the surface molecules on the formation of a new surface, 
give for the surface energy of tiic solid ^ 




Hence 


(n - i)(m - 3)(w _ 4)(„ _ 5)<^~6 




\m — i)(m — 3)(w — 4)[m — SJc/ 




F 


A-rr — ' i . <7 


''1 + ^2 


(0 


^ piloid Sympctsiurn Monograph, 1925, a. 68. 
^ Bradley, Phil. Mag., 1932. 13, 853. 

Bradle>, PhtL Mag., 1931, n, 846. 
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The same value of d will appear in the expressions for F and a if the 
surface molecules of the spheres are in contact at the point of contact. 
Equation i was subsequently derived by another method by Derjaguin.® 

In practice it was found that F varied linearly with r^r^l[r^ -f r^) in 
the case of spheres of quartz and sodium borate. 

These conceptions may be applied to the cohesion of smoke particles, 
since equation I is independent of the precise form of the law of force. 
The most obvious force tending to cause reversal of coagulation is the 
Brownian motion. Considering first the rotation, for a double particle 
formed from two spheres of radii and rg, we have = kl\ where 
a#, k and T are the angular velocity, gas constant and absolute tempera- 
ture, assuming that the double particle has the mean energy of rotation 
for the temperature concerned. If the density is p, / = 1 + ''2^)- 

The centrifugal force lending to cause disruption is 




4- rg*) 

“T ''2^/ 


Hence the point at which centrifugal overcomes cohesive force is given by 



(2) 


This result i^ independent of the flattening which may occur on cohesion ; 
the deformation differs markedly from that considered by Hertz for the 
case of two spheres pressed together, for then the pressure acts throughout 
the ma.ss, whereas with cohesion only neighbouring layers of molecules 
are attra('ted towards one another. At the point at which centrifugal 
force overcomes cohesion the splieres are just about to part company, 
and there is no flattening, so that the above results are strictly true. 


Wii. 


r, equation 2 gives r 


(f 


77a j 


The ca.ses of 


intere‘^^ are approximately isomorphous solids, since with crystalline 
particles departure from the spherical shape will be serious. We should 
expect quite a low value of a, about 30 dynes per cm. This gives for r 
a value of approximately cm., i.e. all smoke particles of equal size 
will cohere. Even at 3000® r is only 5 X io~® cm. Hence the fact that 
equipartition is actually replaced by a Maxwellian distribution hardly 
affects the argument, since an infinitesimal fraction of particles will have 
sufficient energ\’ of activatjon at room temperature. Disruption due to 
collision.s will give similar results. 

With particles of different sizes similar remarks apply. If 


equation 2 becomes = J^nr^a. Hence = 2 X at room 

7 

temperature. A very small particle will cohere with a large one even if 
it will not do so with one of its own size. 

Chains and aggregates of particles give similar results, e.g. with a 
linear chain of four particles breaking in the middle it can be shown that 
5 kT 

^ , wdiich gives values of r smaller than before. 

54 ^ 

Although impossibly high temperatures would be necessary to obtain 
disruption with particles of the size usual in smokes, the velocities of the 
particles required is small compared with molecular velocities at room 


• l>erjaguin, Kolloid. Z., 1934. 69, 155. 
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temperature, and the requisite velocity can be reached by violent fanning 
of the cloud, which sets up eddies, so that particles acquire relative 
velocity. A particle of density 2 travelling at 30 miles per hour will 
have sufficient kinetic energy to disrupt a stationary doublet of two 
particles each of radius io~® cm. if its radius is approximately 4 x 
cm. With greater velocities {v) the radius of the heavy particle will be 
increased according to ; at 30 miles per hour a doublet of particles of 
radius I0~® cm. requires a heavy particle of radius approximately I0"“® 
cm. for disruption. Cohesion in a large aggregate is confined to the 
separate cohesions between the component particles, and if one of these 
on the outside of a large complex were hit by another large complex with 
sufficient relative velocity disruption could occur. The medium may also 
impart rotational energy to complex particles, causing disruption. Hence 
for a violently fanned cloud the normal coagulation might be replaced by 
an approximately stationary state, owing to a rough balance between 
coagulation and disruption. Unpublished work of Dr. Colvin and the 
author working under the direction of Professor Whytlaw (rray showed 
that stationary' states could be produced by violent fanning. 

Coagulation in smoke proceeds partly because of tlic size of the 
particles. In actual practice the particles will be covered with a layxr 
of adsorbed gas, but it is probable that the solids break through this 
at the point of contact. If this is not so, then the cohesion between 
the solids is still given by the same formula, but the distance d becomes 
di and is no longer equal to the molecular diameter. Hence 


F 


477 - 





5 


approximately', neglecting the repulsive term. To this must be added 
a term repre.senting the cohesion of tlie two adsorbed layers. The 
latter may represent a repulsion if the adsorbed lay'-crs have, e.g. dipoles 
oriented perpendicular to the surface. A thin film of water could 
reduce the cohesion very' considerably. When the coagulated particles 
are immersed in water they may be peptised, owing to the growth of the 
adsorbed lay'er. Wo. Ostwald and Haller • have shown that the volume 
assumed by many' colloidal precipitates is dependent on the dispersion 
medium, the thickness of the layer round a particle being about i/x, 
and this effect is correlated with the dipole moment of the dispersion 
medium. 

When the .smoke particles are cry.stalline approximate calculations 
may be made. With two cubic particles of edge r face to face the 
cohesive force is approximately 

p ^ 

{m — i)(m — 3)(>n — 

Hence F = ~ 5 )- gives results similar to those obtained 

with spheres. 


‘ Wo. CMtwald and Haller, Kolloid Beih,, 1929, 39* 354. 



THE SIZE-FREQUENCY OF PARTICLES IN 
MINERAL DUSTS. 

By H. L. Green. 

Received gth March^ I93<5. 

DustJi, in the colloid sense, may be classified as disintegration aerosols, 
and are formed by the release into the air of particles produced by the 
disintegration or disruption of solid matter. The term “ dust cloud is 
frequently used to distinguish the actual aerosol from precipitated or 
deposited dust. Dusts of mineral origifi are of particular interest since 
they have given rise to an industrial problem of some considerable im* 
portance. Certain dusts containing silica, either free or combined or in 
both these states, when inhaled, cause silicosis and allied pulmonary'* 
diseases. Such dusts may be produced by the disintegration of rocks 
or minerals during processes involving crushing, grinding, drilling, 
blasting, or, in fact, during any process in which disruptive forces are 
applied to the material. One of the most important physical factors in 
the causation oi pulmonary" disease is the size of particles in the dusts, 
since only those particles below a certain size can reach the finer passages 
and air sacs of the lungs and start those changes leading to disease. 
A fraction of the particles which eventually reach the ultimate pub 
monaiy" tissue is deposited. It is probable that this deposition within 
the lungs is selective and particles of certain sizes are more readily re- 
tained than others. Furthermore, the harmful action of the particles 
after they have been deposited is probaldy dependent upon particle size. 
For the successful application of measures for the elimination of dust 
from air likely to be inhaled by workers, account must be taken of the 
sizes of particles. The design of exhaust ventilation must be such that 
the drag on the particles is sufficient to carr\" them out of the general 
atmosphere. In filtration of dust from the air, selectivity with regard to 
particle size plays a part, beside which, such factors as the rate of clogging 
of the filtering medium by particles of different degrees of fineness have 
to be considered. 

The present investigation w^as undertaken primarily with the view 
to determining the sizes of particles likely to cause pulmonary disease, 
and is concerned wi|t.h mineral dusts which form moderately stable aerosols 
mostly containing particles of mean diameter extending from about 
twenty microns downwards. Particles larger than this size have a high 
rate of sedimentation and are not considered to be of importance. 
Determinations have been essentially of an industrial character, but, as 
the results have throwm some light on the intrinsic nature of dusts, they 
are worth consideration purely from the standpoint of their bearing on 
general problems of the formation and behaviour of disintegration 
aerosols. 


Method of Determining Size -Frequency. 

Of the numerous methods available for the determination of particle 
size in aerosols, few are suitable for estimations under industrial conditions. 
Such methods as the direct estimation of size by measurement ol the rate 
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of fall of particles, either visually or photographically, can only be readily 
applied in the laboratory. Reliance has, therefore, been placed on the 
microscopic measurement of the particles after they have been deposited 
from the dusts. This method is dependent upon the efficiency of the method 
for precipitating the particles and is limited by the resolving power of the 
microscope. For deposition, the thermal precipitator, modified from the 
original design of Whytlaw-Gray and Lomax, has been used.^ In this 
instrument the particles are deposited on microscope cover-glasses on 
either side of an electrically heated wire. Dust-laden air is drawn into 
the instrument and the particles are deposited in linear streaks above the 
wire. Provided the rate of aspiration does not exceed 7 c.c. per minute 
and the wire is heated to a temperature such tliat the dust-free space sur- 
rounding the wire extends across the space between the cover-glasses, 
precipitation of all particles in the dust is complete between the limits of 
mean diameter of at least io/x and about 0*2^ or smaller. In using the 
thermal precipitator samples may be taken over a period of time varying 
from a few minutes to several hours. Long period sampling is adv^an- 
tageous under industrial conditions since casual fluctuations in concen- 
tration and sizes of particles render samples, taken over a short duration 
of time, of doubtful statistical value. 

The method of determining the size-frequency of particles has already 
been described in a previous publication ' and need only be mentioned 
briefly here. After a sample of the dust has been taken with the thermal 
precipitator, the cover-glasses are ignited at 500° C. for about ten minutes 
in order to remove combu.stible or volatile particle.s of extranef>us atmos- 
pheric pollution which are almost invariably present under industrial 
conditions. When cool, the cover-glasses are mounted dry on a microscf)pe 
slide. Mounting in a liquid medium would tend to disturb the deposit 
and break up aggregates of particles which were present as .such in the air. 
Although mounting in air enables the particles to be seen in maximum 
contrast to their surroundings, it has the disadvantage that it does not 
permit the fullest use to be made of the resolving power of the microscope. 

Examination of particles is done under a magnification of 1500 diameters 
with a microscope fitted with a 2-mm. oil immersion apiochromatic micro- 
scope objective and a x 17 eyepiece. For rapidity of working, measure- 
ment of particles is made by means of a Patterson comparator graticule * 
set in the eyepiece, the sizes of particles being compared with the known 
apparent sizes of the discs of the calibrated graticule. It may be noted 
that a procedure, slightly different from that previously described, has been 
adopted for the present series of determinations. Instead of stating the 
diameter of each particle as Ixiing equivalent to that of the disc which it 
most nearly matches, particles have been grouped in small size ranges. Ac- 
cording to this method all the particles above a certain size and up to and 
including another greater size are placed in one group. This enables the 
limits of size within various ranges to be defined more precisely than by the 
original method. 

It .should be emphasised that, owing to diffraction effects, exact measure- 
ment of particles below 0-4 /x diameter is not possible with the microscope 
system employed, although the presence of particles o-z^ diameter or 
smadler is readily detectable. It should also be noted that the j>articles, 
often irregular in shape, are treated as equivalent spheres and. in effect, it is 
the cross-sectional area of the two-dimensional image which is compared 
with the disc in the comparator graticule. If the particles are plate-like 
in fonn, the method may give rise to an over-estimation of sizes of particles, 
considered as spheres since such particles tend to be deposited with their 
larger surfaces parallel to the cover-glasses. When particles, such as those 

^ Green, H. L., and Watson, H. H., Medical Research Council, Special Report, 
No. 199 (H.M.S.O., 1935) » Green, H. L., Bull. Inst. Min. Met., No. 362, 1934. 

* Green, H. L., J, Industr. Hyg., 1934, >6, 29 ; Patterson, H. S., and Cawood, 
W., this discussion ]>. 1084. 
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of asbestos, have a pronounced fibrous form, it is better to make two dis- 
tribution counts, one of the length and the other of the diameter of the 
particles. 


Results. 

Samples were taken in various industries which provided examples of 
sandstone, flint, haematite, shale, and asbestos dusts. The nature of the 
dusts will be described seriatim below, together with typical results for the 
size-frequency of particles. The size-frequency depends not only upon the 
nature of the dust, but on the precise conditions under which the dust is 
being formed, on the age of the cloud and on the distance from the source 
of production that the sample is taken. Owing to the existence of particles 
in dust clouds which have a relatively high rate of sedimentation, the size- 
distribution of particles is altering continuously with time. Thus size- 
frequency is very su.s- 
ceptible to changes in 
local conditions. It is 
not intended to de- 
scribe in detail how 
size-frequency varies 
w'ith ' different pro- 
cesses, but rather to 
give a general idea of 
size in relation to the 
nature ol the dust pro- 
ducing material and 
the disruptive forces 
coming into play. 

(a) Flint dust, pro- 
duced in milling cal- 
cined flint (chalcedonic 
silica) containing 
about 00 per cent, 
silica. 

Median diameter 
of particles : o*8^ to 
i*3/i ; 20 to 30 per 

cent, less than 0*5^ ; 

70 to 80 per cent, less 
than 2/x ; i to 6 {>er 
cent, above 5^1, 

(//) Sandstone dust, produced in shaping blocks of white sandstone by 
blow s of a mallet on a cold chisel . This was a moderately fine-grained, highly 
felspathic sandstone containing subangular gfrains of quartz. 

Median diameter of particles : o*6;i to i ig ; 25 to 45 per cent, less 
than 0*5^ ; 70 to 90 per cent, less than 2^1 ; i to 8 per cent, above 5/1. 

(c) Hismatite dust, produced in blasting operations in a haematite 
mine ; the haematite contained 80 per cent, of ferric oxide, 11-7 per cent, 
of silica, and 0*5 per cent, of alumina. Samples taken from one cloud only. 

Median diameter of i>articles : o*9ft ; 30 per cent, less than 0*5/11 ; 82 per 
cent, less than 2^4 ; 1 per cent, above 

(d) Shale dust, produced in drilling and blasting operations in a hard 
heading in a coal mine ; a hard, close-grained shale containing 29 per cent, 
of free silica. 

Median diameter of particles : o*4ii to i-2/a ; 25 to 55 per cent, less than 
o*5m ; b5 to 92 per cent, less than 2/4 ; i to 10 per cent, above 5fi. 

{e) Asbestos dust, produced in handling, disintegrating, carding and 
weaving asbestos. Samples derived from amosite, chrysotile and croci- 
dolite varieties of asbestos have been examined. 



Fig. I. — Sizt*-frcqiiency curve for particles in a sand- 
stone dust. 



1094 SIZE-FREQUENCY OF PARTICLES IN MINERAL DUSTS 


Median length of fibres : 2*5^4 to 3 5^ ; 8 to 15 per cent, less than i/* ; 
b5 to 75 per cent, less than 5/1 ; 87 to 90 per cent, less than lo/x. 

Median diameter (thickness) of fibres : about 0*55^ ; 43 per cent, less 
than 0*5^ : 82 per cent, less than ifi \ 98 per cent, less than 2/4. 

In addition to asbestos fibres in the samples, there was present about 
an equal number of ordinary dust particles derived from impurities in the 
asbestos. Various impurities are known to exist in asbestos, as mined, 
and may consist of talc, serpentine, magnetite and carbonates of calcium 
and magnesium.* The size-distribution of these other mineral particles 
was as follows : Median diameter : 0-45/11 to o-8/i ; 30 to 55 per cent, less 
than o*5/ti ; 87 to 98 per cent, less than 2/i ; i to 4 per cent, above 5^. 

Detailed figures for certain specific samples are given in Table I. Fig. i 
shows a typical size-frequency curve for a sandstone dust, the sizes being 
determined in this case by the matching method and not by the grouping 
method . 

TABLE I. — Size-frequency of Particles in Various Mineral Dusts. 


Size Group. 
(Microns). 


Percentage 

'requcncy for Various Dusts. 


Sandstone . ; 

) 

Flint. 

Shale (during I 

1 Drilling). j 

Shale (after 
Blasting). 

j HjEfmatite 
(after Blasting). 

1 

Up to 0-2 

13-6 j 

9*3 

7-6 ! 

10*0 

9*<) 

0-2- 0*4 

M*3 1 

^5*7 

13*6 

10-5 

M*7 

0*4- 0-8 

14-0 i 

14-2 

15-6 » 

170 

i 

08- 1-2 ! 

11*3 

13-0 1 

10-6 ; 


i 17*0 

1-2- 1-6 1 

lO-O ! 

Ji*3 

0*3 ; 

9*5 

i 10*8 

1-6- 2-0 1 

8-0 j 

9-0 

8-0 

'>•5 

8-6 

2-0- 2-5 i 

6-6 1 

9*8 

j 7*6 ! 

4*0 

1 0*8 

^•5- 3*0 1 

6-6 1 

8-2 

7*0 1 

lo-o 

; 4*8 

3 0- 4 0 

5*0 ! 

4*3 

6*6 i 

6-4 

•4*4 

4*0- 5-0 

3*3 1 

2*5 

3*6 1 

4-6 

iS 

5-0-10-0 , 

3*^' S 

0-0 ! 

3*0 j 

4*0 

0-8 

Above 10 i 

.V7 j 

0-6 ! 

I 

r5 j 

50 

1 -:o-, 

1 


Discussion of Results. 

The Sizes of the Particles. 

Although the size-frequency of particles may show variations of a 
fairly large order betw^een one kind of dust and another, the results have 
features which appear to be common to all kinds of mineral dusts. One 
particular feature is the high proportion of particles which arc below 
2ft diameter, and, in some cases, below 0*5ft. It is commonly believed 
that dusts contain a large proportion of relatively coarse particles. 
Gibbs * distinguished between the various kinds of industrial aerosols 
according to the size of particles, and classified dusts as containing 
particles larger than lO"'* cm. (lOft) diameter, but later,* in a modified 
classification, considered dusts to be disintegration aerosols containing 
particles greater in size than 10~* cm. The present results are in 

conformity with the latter classification and indicate that dusts possess a 
high degree of dispersion. 

* Hurlbnt, C. S., and Williams. C. R., J, Indusir, Hyg., 1935. 17# 289. 

•Gibbs, W. E., Clouds and Smokes, London (J. & A. Churchill), 1924, p, 130. 

* Gibbs, W. E., J, Soc, Chem. Ind,, 1932, 51, 1042. 
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A comparable series of size-frequency determinations was made by 
Bloomfield • in the United States by means of the Owens jet dust counter. 
Although his results show the same high proportion of particles less than 
2*Ofi diameter as in the present determinations, they show a very much 
lower proportion less than 0‘5/x, In one case 10 per cent, less 0*5/a is 
recorded and in the remaining twelve cases the highest proportion is 
3*0 per cent. These results are somewhat surprising, as it has been shown 
that the Owens jet dust counter is more efficient in precipitating par- 
ticles of the order than those of 2/x diameter,’ and the types of 
dusts were not very different from those recorded in the present series of 
results. There is a possibility that some of the finest particles were not 
detected and measured, since the magnification of icmx) diameters used 
by Bloomfield was somewhat low for this kind of microscopy. 

It is of interest to note that the finer particles in dusts cover the same 
size range as the coarser particles in smokes, which, in general, contain 
particles of diameter from o*ift to Thus dusts of a high degree 

of dispersion are comparable with very heterogeneous coarse smokes. 

It may be noted, however, that fine dusts in an enclosed space have an 
apparently higher coagulation constant than heterogeneous smokes. 
The rate of diminution of particles wdth time follows approximately the 
law, dnjdt = — A'n*, where n is the number of particles per unit volume 
at time t and is a constant. Whytlaw-Gray ® gives values for the co- 
agulation constant for heterogeneous ammonium chloride smokes ranging 
from 0*55 to 170 X I0“® cm.*/sec. Whereas for flint dust clouds, con- 
taining particles not greater than 5‘0/i diameter, values of the order of 
6*0 X 10'*® cm.*/scc, were obtained by the author. These values were 
derived from counts by means of the ultramicroscope on the particles 
generated in a dust chamber. The high value of K is probably due to the 
extreme heterogeneity of the dust ; furthermore, the process of coagula- 
tion is probably different from that in smokes and is due more to larger 
particles falling past the smaller ones and colliding with them than to 
collisions by Brownian motion. It may be noted that the samples of 
dusts in industry were for the most part taken within a short time of the 
release of particles which were being continuously generated, and, there- 
fore, the :>amples were of the primary dust particles. In any case, the 
numbers of particles in dusts are, comparatively speaking, so low that 
the actual rate of coagulation is very slow. For instance, if the number 
of particles in the dust were 10,000 per c.c. (a high value) this would only 
diminish to about 8000 per c.c, after being left in an enclosed space for 
one hour, assuming that there were no loss of particles by sedimentation. 
Hence, aggregation by collision in dust clouds is not usually a factor 
of importance ; such losses of particles that occur are due mainly to 
sedimentation. When aggregates are found in dusts, they are usually 
present as such in the original material from which the dust is generated. 
Re-dispersal of a dust that has been precipitated will often give rise to a 
cloud containing many aggregates. 

A question of some importance is w'hether particles of diameter less 
than 0*2/i exist to any extent in dusts. An answer of this question has 
been attempted in several ways, although the results so far obtained arc 
not sufficiently accurate to w^arrant their publication in detail. Particles 
generated by impact of a chisel on a block of sandstone in a dust chamber 

•Bloomfield. J. J., U.S. Pub. HeaUk Rep., 1933. 48, 961, 

’ Green, H. L., and Watson, H. H., loc. cit., p. 19. 

•Whytlaw-Gray, R.. /. Chem. Soc., 1935. 268. 
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were allowed to settle on collector slides,® and were counted under a form 
of dark-ground illumination according to the method described by 
Whytlaw-Gray. These counts did not differ sensibly from those obtained 
by counting particles, which had settled on cover-glasses, with the direct 
vision microscope. The collector-slide method probably enables solid 
particles as small as o-i/i diameter to be detected and counted. 

Another method has been to count the sandstone particles by means of 
the photographic Aitken apparatus,'® which is capable of detecting 
particles well below o-i/a diameter. In this case the difficulty has been 
to free the air from atmospheric nuclei which are revealed in the con- 
densation process in the Aitken apparatus and which may far outnumber 
the dust particles in the air. This difficulty mainly arises when an at- 
tempt is made to reproduce an industrial process in a dust chamber of 
large volume. Again, so far, the results have not shown that particles 
below o*2/a diameter exist to any appreciable extent in these sandstone 
dusts. 

In certain determinations of size-frequency of mineral particles pro- 
duced by blasting operations in coal mines, it was noted that there were 
large numbers of very fine particles which w^ere just visible under the 
microscope and appeared to be rather smaller than the finest dust par- 
ticles. Subsequent experiments with the explosive, when fired alone, 
showed that these fine particles were derived from the explosive itself 
and not from the rock, i.e., they were incombustible smoke particles. 
Thus, even when rocks are disrupted with explosive violence, there is 
no indication that there are many particles formed which are less than 
0*2/x diameter. 

A point bearing on this question is that the size-distribution of 
particles in dusts tends to follow a probability law. It is true that at 
the top end of the scale there is a tendency to depart from the law owing 
to falling out of the larger particles before they reach the sampling 
apparatus, but, when losses due to sedimentation are not appreciable, the 
size-frequency curves approximate to asymmetric probability curves of 
the “ cocked hat ” type. Thus, distribution of sizes appears to be a purely 
random one ; it may be inferred from the curves that the expectation of 
producing particles less than o*2/t4 diameter is small. 

On the theoretical side, Gibbs ® considered that there is a natural 
limit to the extent to which solids or liquids can be reduced in size by 
disintegration methods. This limit is imposed by the operation of co- 
hesional or surface tension forces upon each separate fragment of material 
as it is being formed during the process of disintegration, and he con- 
sidered the lower limit of particle size for such disintegration aerosols 
to be of the order of o*i/x. Researches on the theory of fine grinding have 
yielded some information as to the limiting size of particle that can be 
formed by disintegration processes. In some work on this subject, 
Martin and his associates " did not find any end point to the production 
of fine particles, but as the smallest particles that were measured had 
a diameter of 0*85^, the results of their experiments must be regarded 
as being inconclusive. On the other hand, Andreasen estimated the 
sizes of particles by sedimentation in a liquid medium, and deduced that 
particles as small as 0*1 ft diameter could be formed by grinding. 

•Whytlaw-Gray, R., loc, cit., p. 270; Wliytlaw-Gray, R., Cawood. W., and 
j^atterson, H. S., this discussion, p. 1055. 

Green, H. L., Phil. Mag., 1927, 4, 1046. 

“Martin, G., Blyth, C. E. and Tongue. H„ Trans. Ceram. Soc., 1923, ZJt 61. 

^ Andreasen. A. H. M.. Kolloidchem., Beihefte, 1928, 37, 349. 
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Mechanism of Formation of Dusts. 

The size-frequency of particles throws some light on the mechanism 
of the formation of dusts. The process of disintegration of the mineral 
or rock is accomplished by the application of shearing and tensile stresse^^, 
slowly, as in milling processes, or suddenly, as in drilling with pneumatic 
drills. The effect of the applied forces is to cause disintegration by split- 
ting or cracking along planes of weakness in the material. It is possible 
to distinguish between two classes of particles, represented respectively 
by small fragments, and by fine particles released from the freshly formed 
surfaces by cracking on a micro scale as the material is torn apart. It is 
likely that the dusts which w^ere estimated in the present series of ex- 
periments belong almost wholly to the latter class. On this theory it is 
possible to account for the observation that the sizes of particles in 
dusts formed by explosions are comparatively little different from those 
of particles formed by less violent processes of disintegration. Explosion 
entails disruption with extremely high velocity, but in essentials the 
action is the same as in other disintegration processes, that is, fragmenta- 
tion takes place with release of fine particles from freshly exposed sur- 
faces. It is true that fragmentation is more complete, but the size?- of 
the finer particles are similar to those of other industrial dusts. 

It would be expected that the size and shape of dust particles would 
depend upon the mineralogical nature and structure of the material from 
which they are derived. With the exception of the case of asbestos, 
the present series of results cannot be regarded as being significant in 
providing information in this respect. There w^ere so many local factors 
influencing the samples, that it w’ould not be safe to draw more than 
generalised conclusions from the estimation of size-frequency. Asbestos, 
however, provides an example of a mineral in which there are definite 
plane.s of cleavage, and the splitting process takes place along these planes, 
yielding fine fibrous particles. 

In the case of rocks containing several minerals of different hardness 
and crystal size, fracture may occur more readily through some of the 
minerals than through others, and the composition of the dust may be 
different from that of the original rock. The results so far obtained have 
not yielded any real information as to the selective fracture of the 
different mineral constituents. One difficulty in the way of determining 
the nature of the dust particles in relation to the nature of the patent 
rock is that such a high proportion of particles are less than 2 p diameter 
and, at present, there is no physical method available for identifying 
the exact nature of individual particles of that size range. 


Summary. 

Samples of industrial mineral dusts have been obtained by means of the 
thermal precipitator, and the size-frequency of the particles determined 
under a microscope of high resolving power. Data for the size-frequency 
of particles deriv<^ from flint, sandstone, haematite, shale and a.sbestos are 
given. It was shown that most of the particles are smaller than 2 ft diameter, 
but there was little evidence that particles of less than 0*2^4 diameter occur 
in mineral dusts. The dusts are considered as disintegration aerosols of 
a high degree of dispersion, and the significance of the results has been 
discussed on this basis. A theory of the mechanism of the formation of 
dusts has been put forward. 
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The author is indebted to Mr, H. H, Watson for his co-operation in 
obtaining samples of the dusts. He is also indebted to the Industrial 
Pulmonary Disease Committee of the Medical Research Council, on whose 
behalf this work was undertaken, for permission to publish this paper. 

GENERAL DISCUSSION,* 

Dr. K. Sdllner (London) said : Can Mr. Green throw some light upon 
a closely related problem, which may, I believe, be noticed fairly regularly 
in clean country fogs, and in the presence of fine, clean stone dust, evxn 
after blowing it through a hot flame. The presence of a badly stoppered 
bottle of Fe(CO)4 in a room may also produce a similar sensation. The 
odour seems to be fairly independent of the nature of the disperse phase, 
provided that the latter is chemically inert and that no foreign odorous 
substances are present. The only very tentative explanation 1 can so far 
offer assumes that very fine particles reach the olfactory organ high up in 
the nose (quite analogous to the case mentioned by Green), and adsorb or 
dissolve some substance naturally present there : this disturbance of the 
natural stationary state in the olfactor>^ organ possibly causing a sensation 
of smell. 

Dr. C. G. Addingley (Cleckheaton) said ; I have been using a method 
somewhat similar to that described by Green, for estimation of asbestos 
dust in the atmosphere of an asbestos factory ; an Gwens’ jet dust- 
counter was used, and the cover-glass ignited to remove organic matter. 
In smoky districts a visible ash deposit i.s left by the soot particles on the 
cover-glass after ignition ; the number usually varies between about 30 
and 150 particles per cx., but counting is somewhat difficult and uncertain, 
as the particles are of about the minimum size which the microsc(»fxt will 
resolve. The average size of the asbestos particles varies naturally with 
the process to which the asbestos is l>eing subjected but, in the measure- 
ments I have taken, it is much smaller than that given in the paper. I 
have always found 50 pxT cent, or more of the particles 0*5^ or less, 5 to 
25 per cent, between 0 5 and 2fi, 2 to 10 per cent, between 2 and 5^*, and up 
to 5 per cent, over 5/i. 

Dr. R. Lessing (London) said he could not agree that the size of 
particles in dusts formed by explosions diflered little from that of particles 
formed by less violent disintegration. In experiments in a Welsh anthra- 
cite mine to study the incidence of silicious dust in various mining opera- 
tions, he found that the dust produced by drilling the hard shale settled 
relatively quickly, whilst that released by shot-firing in the same rock 
remained suspended very much longer. He attributed this to differences 
in particle size. The dust counts in the air were made v^dth a konimeter, 
and he admitteti that in this instrument particles below a certain size, 
say 0*5^ were not observable. 

Professor K. G. Emeleus (Belfast) said : It would bt* interesting 
to attempt to find some correlation between the size frequency in dust 
formed by shattering of crystalline material, and the size frequency in the 
secondary structure of the crystal shattered. Might there not be a tendency 
for the dust particles to he the actual secondary units in the original 
substance } 

Professor £. N. da C. Andrade (London) .said : The words “ mosaic " 
and " secondary structure " have been used in many different senses, and 
made to include, for instance, the slight changes in inclination which occur 
at small intervals on the surface of rock salt, and certain other, crystals. 
There seems no rea.son why these changes of direction should 1^ sources 
of weakness, for in general, the more perfect a crystal, the weaker it is, 
and polycrystalline materials, where the changes of direction are large, 

• On the three previous papers. 
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are very strong. A system of actual minute cracks, such as those found 
in diamond, has also been called a mosaic structure, and in such cases it 
seems highly probable that the cracks should be places of weakness, and 
that the material should tend to fracture along them. I do not know what 
evidence there is for this type of structure in crystals which have been 
studied in the pulverised state, but Professor Emeleus’ suggestion might 
with profit be followed up experimentally. 

Mr, F. I, G, Rawlins (London) said : The problem of measuring small 
particles might be facilitated by using a microscope similar to that 
developed by Barnard, Ultra-violet light is used, and the optical system 
is quartz or fluorite. It is clear from the Abbe-Rayleigh equation that 
high numerical aperture is essential and objectives having this feature are 
now available. 

Dr. F. T. Peirce (Manchester) said : Has any systematic work been done 
on the efficiency of filtering as a function of pore and particle sizes ? This 
might yield a possible, though hardly a precise, method of determining 
size distribution, and is of direct interest to questions of filtering, including 
the retention of dust in the nose. 

Mr, A. Dooley (Birmingham) said : Has the X-ray powder diffraction 
methcKl lx?en considered as regards its application to the identification of 
the constituents of dust and smokes ? In my experience, the method is 
satisfactory for particles at least as small as 0-5/1. 

Dr. W, Cawood {Leed^), in reply, said : Dr. Dobson has asked a question 
about the different laws of scattering of light by small particles mentioned 
briefly in this paj)er. I’hc* subject is treated in some detail by VVhytlaw- 
Gray and I*atterson in Smoke (K. Arnold & Co.), chap. xiii. Briefly, 
Rayleigh ' showed that for infinitely small particles the law was I oc r*, 
where 1 is the intensity of the scattered light and r is the radius of the 
particle. Mie * has shown mathematically that for particles, of diameter 
greater than one-tenth the wavelength of the incident light, the power will 
decrease with increase of radius to slightly less than two and will then 
increase to two when the particle is large enough to become a true reflector. 
Jobst ^ has extended Mie’s theories and simplified them. Patterson and 
Whytlaw-Ciray * have obtained confirmatory experimental proof. 

Mr. R. S. Bradley (Leeds) (communicated) : In the grinding of particles 
menti<»nt‘d in Careen’s paper, the work re(]uired to overcome the cohesion, 
and sej)arate a crystallite into two part.s, decreases as the size increases, 
but the w<irk j>er gm. of material increases rapidly owing to the increasing 
number uf particles. There is an increase in the work required for the 
disintegration of particles of diameter less than approximately 10-'* cm., 
owing to the si‘condar>' structure of the solid (lineage or mosaic structure), 
invf>lving the presence of pores and cracks. The energy of a *' crack 
ssurface ’’ is roughly half the true surface energy of the solid, on which 
depends the work retjuired to disintegrate a perfect cry.slal, so that further 
decrease in size after the destruction of the secondary structure, requires 
a marked increase in work This may well set a limit to the size of particles 
obtained by grinding a solid. 

Mr. H. L. Green {Pnrton) in reply, said : The phenomenon to which 
Dr. Sdllner has referred, must, 1 think, l>e associated with the filtration of 
fine particles in the jmssages of the nose, and I imagine that the explana- 
tion offered by him affords a tentative solution of his problem. Possibly 
the familiar earthy smell after a light shower of rain in summer may be 
caused by the impact of the raindrops on the dusty ground and the release 
into the air of fine dust particles which are subsequently trapped in the 
nose. It may be that the solubility of these seemingly chemically inert 
substances in the tissue fluids is sufficient to cause a sensation of smell. 

The discrepancy lx*tween the general trend of Dr. Addingley’s results 


* Phil. Mag., 1871. 41, 107, 4^1. 
® Ibid., 1925, 76, S<>3. 


* dnn. Physih, igo 8 , 2$, 377. 

* Proc. Roy. Soc., A. 1926, 113, 312. 
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for asbestos dusts and that of mine would appear to be due to differences 
of method. In the report written by Watson and myself for the Medical 
Research Council,* we gave the results of the tests on the efficiency of various 
dust sampling instruments, and showed that, for hint dust, the Owens jet 
dust counter only precipitates about 40 per cent, of the particles, and is 
apparently more efficient for the smaller particles than the larger ones. I 
have not checked the efficiency of the Owens counter for asbestos, but the 
accuracy of the results with the thermal precipitator has been confirmed 
by parallel determinations by a sedimentation method on a8l>esto8 dusts 
generated in a dust chamber. In the particular works where the asbestos 
samples were obtained, the smoke particles, after ignition, left no residual 
ash, but such ash particles were noted in dusts determinations in other places, 
csi)ecially at Sheffield. 

The experience of Dr. Lessing also differs from mine, but as his findings 
are based on visual observations on rates of settling which, in my opinion, 
may give rise to misleading conclusions and, on counts with the konimeter, 
which gives results of doubtful absolute or even comparative xalue, 1 do 
not think they can be regarded as disproving the validity of my own con- 
clusions. It 'would be of interest if thermal precipitator samples could be 
taken in the mines w'here Dr. Lessing made his experiments. 

Professor Emeleus has raised a most interesting point which I hopHi 
will be followed up by further investigation of the secondary structure of 
crystals. The remarks of both Professor Andrade and Mr. Bradley also 
lend support to the view that the size-frequency of the particle.s may be 
related to the secondary structure the crystals fn>m which they are 
derived. 

1 have at various times consuiered u.sing the ultra-violet microscuj>e, 
as suggested by Mr. Rawlins, but 1 decided that, unless it is shown that there 
are in dust^ numerous particles below diameter, the gain in accuracy 
by using an ultra-violet microscope* would not compensate for the loss of 
the speed and general utility of the ordinary visual microscojxj. 

Dr. Peirce raises a question which has hitherto received but little atten- 
tion, although some theoretical work on it has btvn done by Albrecht,* 
and it was discussed by Gibbs in his book on Clouds and Smokes. The 
subject is of obvious importance, esj)ecially in ct)nnection with the pro- 
tection of workers against harmful dusts by means of respirators, and the 
general problem of the filtration of dusts in industry. I am doubtful 
whether filters would be sufficiently selective in their action to enable them 
to be used for the accurate determination of size-distribution of aerial 
dispersoids. 

In reply to Mr. D(K>ley, the X-ray pjwdcT dittraction method has U-en 
used for the determination of the percentage of free silica in rock dusts, 
notably by Clark and Reynolds^ in Canada, but the method ap{K‘ars to 
be limited at present to one or two constituents of the dust. 

* Medical Research Council, Special Report, No. ios> (H.M.S.O., 1935K 

* Physikal. Z., 1931, 32, 48. 

’ Univ. Toronto Studies, Geol. Ser., 1935. No. 38, 13. 
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WAVES. 
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New optical methods for rendering sonic and supersonic waves visible 
have been systematically studied in the last four years. ^ 0 . Brandt 
and H. Freund * tried, mter alia, the addition of tobacco smoke to in- 
dicate the wave-length of sound waves of frequencies between 6 and 
50 k.c. in air enclosed in a tube ; they obser\^ed an almost instantaneous 
precipitation of the smoke, the rapidity of which was the more astonish- 
ing as other observers of the coagulation of smoke by supersonic waves 
of lower frequency [e.g., H. S. Patterson and W. Cawood *) found only 
very much smaller effects. We thought, therefore, that further studies 
on the process of rapid precipitation should be of interest. 

Photomicro^raphic and Kinematoj^raphic Observations. 

The nature of the process was not immediately evident. Microscopic 
obstTvaliun showed suspended particles of some size ; this proved that 
aggregation had taken place in the sound field. More information wa.s 
securtKl when photomicrograms of the suspxjnded particles were obtained. 
The uwt of kinematographic methods yielded especially significant results. 
In these experiments it was necessaiy’ to obtain photomicrographs with 
very short times of exposure (i /125 second) in order to distinguish between 
that movement of the particles due to the general circulation between node 
and anti-node and that due to the oscillation. This was accomplished 
with the optical arrangement shown in Fig. i. S represents the end of 
vibrator rod, R is a vertical sounding tube containing air to which 
tobacc^) smoke was added. An observation chamber K made from two 
ordinary cover-glasses sealed to a celluloid frame of 07 mm. thickness 
was fix<H.l on the bottom of R. Light from an electric arc L was concen- 
trated bv a condenser a diaphragm B serving to screen the central 
rays. The ai)erture of the objective of the microscope must be the same 
as that ni the rays screened by the diaphragm, so that no din^ct light, 
but a maximum of the light diffracted by the suspended particles, can 
enter the microscope. 

* E, Hiedemann, Xatt4U', 1935- SS? . Pfivsik, 1935, 96, 273 ; Ergehn, 

exakt. NaSuru^iss., 1935, M» -201 : E. Hicd<Mnann, H. R. Asbach and Ch. Bachern. 
Xature, 1934. 133. 17^>: ^ Phvsik. 1934. 87, 734 and 88, 395 ; E. Hiedemann, 
H. R. .Asbach and K. H. Hoesch, Xaturwiss,, 1934, ja, 465 ; Z, Physik, 1934, 
90, 322 ; E. Hiedemann and Ch. Bachern. Z, Physik, 1934. 502 and 91, 418 

and 1935. 94, 08 ; E, H, Hiedemann and E. Grossmann, Z. Physik, 1935, 95, 
383 ; k. Hiedemann and K. H. Hoesch, Natumnss, 1935, J3, 51 1, 577 and 705, 
and 1930, 14, 60 ; Z, Phvstk, 1935, 96, 208 and 98, 14T ; E. Hiedemann and 
N. Scifen, Z. Physik, 1934, 91, 413 : Ch. Bachern, Z. Physik, 1934, 87, 738 ; H. 
Falkenhagen and Ch. Bachern, Xature, 1935, 135, 830, Z. Elektrochem , 1935, 41, 
370. 

* O. Brandt and H. Freund, Z. Physik, i934* 9 ^** 3 ^^ 5 » ^tnd 1935, 94, 348 and 
^ 5 * 415 i physik, u, chem. UnUrr,, r935. 48, 259 ; PlOUcr Vntersuchungs, und 
ForschungS‘Jn$irumente, 1935. 9 * 57 * 

5 H. S. Patterson and W. Cawdo<h Nature, 1931, 137, 667, 
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Fig. 2 represents the circuit of the vibration generator. The vibrator 
rod (made of Indilatans-steel) was initially magnetised by means of the 
coil L, carrying direct current. Fig. gives a photomicrograph of the 

particles immediately after tha 
generator begins to work ; the 
particles are oscillating under 
the influence of the sonic waves 
and appear therefore as small 
streaks with more intensive 
ends. The length of the streaks 
is determined by the amplitude 
of oscillation of the particles.* 
The time of exposure was i /125 
sec. Fig. 36 shows the particles 
half a second later ; the par- 
ticles of the smoke have in the 
meantime become so much en- 




larged by aggregation that their 
inertia inhibits noticeable oscil- 
lation. The time of exj>osure 
for this photomicrograph was 
I /lo sec. so that the tracks 
of the moving particles are 
marked. The coalescence of 
tw'o or more streaks shows the 
continued coagulation. 

Fig. 4 shows a series of 
photomicrographs selected 
from kinematographic observa- 
tions. Fig. 4 {a) show’s the 
suspended particles before the 
sonic waves are produced ; 
Fig. 4 (6) taken immediately 


after switching on the generator, the oscillation of the particles is observed. 


Figs. 4 (c) to (/) show different phases of the process. Figs. 4 (g) and (h) 


were made after disconnecting the generator. \ comparis<)n of these last 



Fig. 2 . — Vibration generator circuit. 


two pictures with the first indicates the increase in size of the particles. 
The time of exposure for each picture of the series was 1 /2$ sec. Whereas 
the non-coagulated particles practically remain at the same place during 
that time (they are photographed as points), the coagulated particles cross 
nearly the whole range of vision. 

* E. N. da C. Andrade {Physic. Soc., London, Report of a Discussion on 
Audition, 1931) Arst pointed out the po^ibility of measuring the intensity of the 
sound field by the amplitude of the oscillating particles. 
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These and many other photographs, as well as supplemental subjec- 
tive microscopic observation, led us to distinguish two principal phases 
of the process. In the first phase the particles oscillate under the influence 
of the sound waves and take part in the general circulation between node 
and antinode, increasing in size by aggregation which takes place in the 
sound field owing to collisions of the particles. In the second phase the 
particles are so much enlarged, that they no longer oscillate, but describe 
very complicated and irregular tracks, similar to those observed by Andrade 
with particles of cork at lower frequencies.* During the second phase the 
process of coagulation continues by collisions between the enlarged par- 
ticles and also between enlarged and still oscillating particles. 

Measurements of the Rate of Increase in Size of the Particles, 

The extent of the increase of the size of the particles under the influence 
of the sound field was determined by different methods. The measurement 
of the velocity of the fall- 
ing particles gives accurate s 

information on the mass 
of the particle in the case 
of spherical p>articles if 
the Stoke.s - Cunningham 
formula is used ; if the 
particles are not spherical 
the information so ob- 
tained i.s less reliable, but 
in most cases gives the 
order of magnitude. In 
view of the aniso-disper- 
sity of the aerosols we 
only measured the velo- Pic, — Optical arrangement (S. and Z.). 
cities of the largest or 

most rapidly falling particles ; the results of the measurement do not 
constitute therefore an average of the rate of enlargement, but are none 
the less significant. 

Of course, the range of vision must be sufficiently large for the observa- 
tion of a considerable number of falling particles, so that the identification 
of the largest |>articles does not offer any serious difficulties. For various 
reasons the observation chamber and iUumination applied in the photo- 
graphic work could not be used. The optical arrangement of H. Siedentopf 
and R. Zsigmondy (Fig, 5) seemed to be most suited for these measure- 
ments. The objective O projects a reduced image of the slit S into the 
observation cell K,. The space traversed by the falling particles was well 
define<l by two horizontal threads in the microscope. To avoid disturb- 
ances by currents of air in the observation chamber a special double cell 
K Was used (see Fig. 6). The falling particles enter the cell K^. The 
illuminating tend of light passes first through the window F, which is 
covered by a glass Gj, into and then through the glass Gj into the 
chamber K, where it is absorbed at the opposite blackened wall. In the 
direction of observation the cell is covered by a cover-glass. All walls 
which could cause disturbing reflections are suitably blackened. Fig. 7 
shows how the observation cell is fixed to the sounding tube. 

As it was desirable to measure many particles successively the time of 
fall was registered by a Morse apparatus. The Morse-key was pressed as 
lo^ as the particle moved from the upper to the lower thread in the 
microscope. The time could be determined from the registered lines with 
great accuracy by a simple arrangement which printed marks on the same 

V • E, K, da C. Andrade, Phil, Trails., 1932, .413 ; Proc, Sof., 1931-32, 

* 34 Ai 445. 
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paper at regular and known tune-intervals The diffetent mtensitiies of 
the sound held could be compared by measunng the amplitude of oscillation 
of the end of the vibrator rod This was done by adjusting a microscope 
to an illuminated pomt on the surface of the end of the rod , when the 
rod IS oscillating the pomt appears as a line, the length of which can be 
determmed bv a micrometer in the eye-piece of the microscope 



^ «. JrS/iL mm m ^ 

Fig 6 — Observation chamber 



Table I shows the relationship of the mcrease m size to the sound 
intensity , the hrst column gives the amplitude of the oscillating rod , 
the other column the ratio of the increased mass m to the mitial mass 
of the particle In each experiment the aerosol (tobacco smoke) had been 
under the mduence of the sound waves for a time of 5 seconds Higher 
intensities of sonic waves were intentionally not used for the measurements 
The data of the last column were calculated by the Stokes-Cunnmgham 
formula As to the deviation of the coagulated particles of tobacco smoke 
from sphencal shape see below 


l\BLr 1 


Ratio of the 

Amplitude of the ! lucreaaed Mats 
\ ibrator Rod ui mm m to the Initial 


(j X ro-» 2*1 

18 X lo » > 87 

^6 X 10 ** ' 1^6 

54 ^ IO-* 200 

> 


TABLU n 


I tme tUpeerl alter Ratio of Inrreaved Mam 
Connectinf the ! m to (nltiai Maai 
Generator in S4MX>tid» ' mm^ 


1 

2 

10 


1 10 


More reliable results may be obtained by using an aerosol in which 
liquid (and therefore stnctly sphencal) particles are suspended B> 
dispersing parafhn oil a fog was produced, the concentration of which was 
only 1/7 of that of the tobacco smoke used Table II represents some 
results obtained with this aerosol, and shows how the increase m size 
depends upon the length of the time dunng which the some waves operated 
on the system In all measurements the amplitude of the vibrator rod was 
36 X 10 mm 

The dependance of the increase in size of the particles upon the in- 
tensity (Table I ) proves that with increasing intensity the process may be 
expected to be highly efficient Such experiments were successfully made 
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by means of the air-jet-generator and a p9werful magnetostriction -gener- 
ator and are described below. 

Optical Meararementa. 

Whereas the above measurements give information only as to the in- 
crease in size of the largest particles present, one may obtain results as to 
the average by using nephelometric methods. The high aniso-dispersity 
which is rapidly brought about under the influence of the sound waves 
permits only somewhat rough results. Since increase in size under the 
influence of the sound field is a rapid process, it is necessary to use an 
arrangement allowing a record of instantaneous changes of the optical 
properties (the abso^tion of light) of the aerosol. This condition could be 
realised by measuring the intensity of light with a photo-electric cell 
connected to a Galvanometer (Moll) of a very short period of oscillation 
(1/50 sec.). The deflection of the galvanometer was recorded on a rotatii^ 
film. The absorption was measured by applying a differential circuit 
containing two photo-electric cells, represented by Fig. 8. Light from 




Fig. 8. — Circuit for Nephelometric measurement. 

the source L is made parallel by a large (150 mm. diameter) lens (not shown 
in the Fig.) and then caused to traverse the sounding tube. A similar lens 
(not shown) form.s an image of the source on the diaphragm of the photo- 
electric cell. A broad beam of light was chosen in order to have several 
nodes and antinodes in the observed region and to eliminate the influence 
of local air currents. From the same source, L, light also enters the photo- 
electric cell Zf through the diaphragm which has a variable aperture. 
The electric differential circuit is so simple that it needs no expla^tton. 
The aperture of the diaphragm B, is \^ed until the galvanometer gives 
no deflection when there is no aerosol in the tnhts. Wlien aerosol is 
brought into the tube the galvanometer deflection increases with increas- 
ing absorptkm of light. By means of neutral tint glasses (the absorption 
of which was well known) it could be sbowm that the deflection of the 
galvanometer was proportional to the absorption of light. 

The absorption of light by suspended particles of large size can very 
approximately be calculated if one considers only the geometrical shape 

38 
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of the particles which are supposed to be opaque.* The coefficient of 
absorption is then given by ti . if tt is the particle-concentration and q 
the cross-section of a particle. O. Werner ' has experimentally proved 
that this theory of G. Mie gives very satisfactory results when applied to 
evaluate practical measurements. Using the assumptions of Mie he 
derives the following formula for the extinction E of light : 

£ = « . r* . tr . 5 . log ^ . • (U 

where s is the length of the path of the light in the aerosol and r the radius 
of a suspended particle. For a constant value of r the extinction E is pro- 
portional to the particle-concentration. To obtain the increase in size of 
the particles by absorption measurements, we must consider that the radius 
f changes with n. If the mass-concentration (g./cm.*) at least remains 



constant a simple relation is obtained. For constant mass-concentration 
c one gets ; 

r ^ 4. , (2) 

From e<j. (i) and (2) one obtains : E const, jr or 

EJEt r,/r, (3} 

This means that the extinction of light is inversely proportional to the 
average radius of the particles. Since this relation is only valid so long 
^ the mass-concentration of the system remains constant, only very low 
intensities of the sound field could be used. Fig. q sbowa some results 
of measurement made with an aerosol consisting of paraffin oil particles 
suspended in air. The ordinates give the ratio of the increased to the 
initial mass and the abscissae the duration of the influence of the sound 
held. The different curves represent different sound intensities. In 
curve 1. the amplitude of the vibrator rod was 9 x mm., in curve 11. 
27 X 10-* mm. and in curve 111. 36 x lo-* mm. 

• O. Mie, jfnn. Physih, iyo8, jg, 377, 


’ O. Werner, ibid,, 1923. 70, 487. 
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The optical method yielded results in good qualitative agreement with 
the results of measuring the velocity of the falling particles. 

CkMigulation in Flowing Aerosols. 

The rapidity of the acoustical precipitation permitted the study of the 
process in flowing aerosols. As the rate of coagulation increases with the 
sound intensity it was necessary to use sonic waves of high intensity. 
Experiments with powerful magnetostriction-generators using longi- 
tudinally divided tubes to which end-pieces of large area were affixed gave 
very satisfactory results. The extremely simple and efficient source of 
intense sound waves we have used was the air-jet generator described by 
Jul. Hartmann,* in which a high pressure air-jet is employed which has a 
velocity greater than that of sound. Along such an air-jet a periodicity 
of pressure can be observed. If the mouth of a cylindrical pipe is brought 
to a place where the Pitot-pressure is increasing, very powerful sound 
wavt^ will be generated in the cylinder, the frequency of which depends, 
of course, upon the dimensions of the cylindrical resonator. Fig, 10 
shows the air-jet generator built into a simple apparatus which has also 
proved to be convenient for lecture experiments.* To two sides of the 


I 



Fl<; 10. .\ir-jet generator. 

generator are affixed tubes (1 metre long and 30 mm. in diameter) which 
can be tuned by pistons at the opposite ends so that stationary waves will 
be prcHluctni. The aerosol to be studitnl enters the sounding tubes by 
means of inlets near the pistons and then flows towards the generator. 
If the generator is working nearly all the suspended particles will co- 
agulate and be precipitated at the bottom of the tubes. With this simple 
apparatus somewhat large amounts of aerosols could very efficiently 
be precipitated : if.g,, 200 litres per minute of highly concentrated aerosols 
such as tobacco smoke or XH4CI particles suspended in air. The efficiency 
of the precipitation measurtni by nephelometric methods. Com- 
prehensive studies on the precipitation of many aerosols ot a very diderent 
nature have been made ; these will shortly be reported elsewhere. Every 
true aerosol may l>e coagulated and precipitated in the above manner. 

The ShaiM of the Aggregated Particles. 

The above-mentioned evaluation of the velocity of the tailing particles 
and of the extinction of light was based on the assumption that the 
partides are spherical. For liquid particles this assumption may safely 
be made. We thought it interesting to study the appearance of acousde- 
itggregated dry particles such as NH«Cl and tob^co smoke. Fig. 1 1 
is a photomicro^aph of coagulated tobacco smoke. The particles 
clustered in the gas space have settled down on a cover-glass. The 

♦Jul, Hartmann, Pkync. Rev,, 19^2, ao, 719; Pktl. l*# 9i0. 

Jul. Hartmann and B. TfoUe. J. SetenS, 1927, 4, 101. 

♦ The apparatus was hrsl used in a lecture experiment by E. Hiedemann in 
the Z/aar der Tecknih in Essen on the 13th November, 1935. 
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precipitated particles resemble a very viscous medium in which granular 
particles are embedded. The drop-like aspect of the smaller particles 
suggests that their shape in the gas space does not materially differ from 
the spherical. As has b^n shown by earlier investigators (see e.g., Whytlaw- 
Grey and Patterson) one has to expect in dust a non-spheri(^ structure. 
The high degree of aggregation produced in the sound field leads to a very 
flocculent structure of the clusters. Fig. 12 is a photomicrograph of 
NH4CI clusters formed by the sound field. The structure is evidently 
chain-like. Fig. 13 is a photomicrograph of suspended NH4CI particles 
made before the generator was connected. Figs. 12 and 13 illustrate 
convincingly the extent of the increase in size prefaced in the sound field. 
The production of highly aggregated particles by our acoustical method 
is very rapidly brought about. The application of this method to a 
comprehensive study of the structure of aggregated particles might perhaps 
be convenient. 


Theoretical Discussion. 

The effect of a sound field on suspended particle.s was first studied 
by W, Konig.'® The work of Kdnig was continued with great succcs.s 
by Andrade.® S. W. (lorbatschew and A. B. Severny ** have recently 
sought to discuss the forces in a sound field which may produce an 
aggregation of the suspended particles. 

A comprehensive theoretical discussion of the proce.ss will be given 
shortly by the authors in another paper. Their theoretical calculation.s 
are partly based on the result.s of Kdnig and Andrade and partly on new 
considerations.^* It will only be briefly outlined here. 

For particles oscillating in a stationar>^ wave the elongation 
is given by : 

X„,„ = A sin — . sin tu/ . . . (4) 


where a represents tlie distance of the particle from the node, A the 
wave- length of the sound waves, iu/2tr n the frequency of the oscilla- 
tions, and A the amplitude of the particles at the antinodc. 

The difference iKitween the velocity of the gas particles and the 
suspended particles, is not great so long as the particles take part in the 
oscillation. The Stokes’ formula may therefore be used to calculate 
the force operating at any moment on a particle : 

K — birr . 71 . . (5) 

where tj represents the coeffi cient of viscosity of the gas, r the radius of 
the suspended particle, and Av the difference between the velocity of a 
suspended particle and that of a particle of the gas. From equations 
(4) and (5) one gets the differential equation : 

m . X — Orrrrf^A . w sin — , cos wt 
The solution of this equation for the stationary case is given by 


X ™ 


A . sin 


27rn 


sin (wi — 


. r* . n\* . 


I 


(7) 


**W. KOnig, Ann, Pkysi/i, i8oi. 42, 353 and 349 : 43, 43 ; J?. phystk. chfm. 
1895, 8, T93. 

S. W. Gorbatschew and A. B. Sevemv. KoUmd , 1935, 73^ 14^- 
** O. Brandt and H. Freund. Z. Phystk, 1935, 94, 332. aec footnote. 
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in which d is the density of the particles. The ratio of the amplitude 
X of the suspended particle to the amplitude G of a particle of the gas 
is given by : 



Equation (8) may also be easily derived from the welMcnown formula 
given by Konig by simplifying some expressions in that formula. 
The simple equation (8) is no less valid than the formula of Kbnig but 
it is much more convenient to handle. It is at once seen from equation 
(8) that for constant values of d and the ratio XjG of the amplitudes 
is determined by the value of r^,n. If the ratio XtG has a definite 
value the product r* . n has also a definite value which may be calculated 
by equation (8). In other words a given ratio X/G and a given radius 
of the particles always correspond with a definite frequency n. The 
product r* , n is therefore a critical relation with regard to the behaviour 
of the particle in the sound field. 

In view of the aniso-disper^ity of the aerosol it follows from this 
critical relation that (for the various suspended particles of the size usually 
present in aerosols) there always will be found a frequency bclwax^n 
5 and 50k.c., w’hqr ; suspended particle^ of different sizes will also have 
different am|>litudes. The difference will become greatest if part of the 
particles has already been increased by aggregation. 

Tite differences in the amplitudes of the oscillating suspended particles 
occurring at these fre<|uencies due to the aniso-dispersity of the system 
may cause the oscillating particles to collide in another and far more 
efficient way than that considered by (iorbalschew and Severny, who 
did not take into account the importance of the aniso-dispersity. 
('alculation of the efficiency of this effect shows that an appreciable 
amount of aggregation, due solely to these collision>, will occur only at 
high stagf *^ of concentration. Not only are the direct collisions of the 
particles efficient, however, hut even the approach of the particles to 
one another is of importance, since it increases the probability of 
aggregation due to other effects. Quantitative calculations of the effect 
due to this appruacli of the particles are not yet possible. 

The hydrodynamical forces of attraction as considered already by 
Kcmig must also be taken into account. It appears that importance 
must be attached to tlu? observations of Andrade on \<jrtcx formation 
among particles which do not or (»nly partially take part in the oscilla- 
tion. Quantitative calculations as to the efficiency tvf vortex formation 
have also n<»t yet been made. 

The effect of the forces of attraction connected witli the pulsation of 
spheres (studied by Bjerkness) has been considered in the paper of 
(forbatschew and Seveniy. This effect i> evidently of less importance 
with regard to the process of rapi<l coagulation since dr>’ aerosols, in 
which no pulsation or a virtual pulsation wull lake place, may also be 
precipitated. 

High Frequencies. 

The above-mentioned experiments were made with frequencies 
Indween 5 and 50 k.c.» mainly between 10 and 20 k.c. At frequencies 
of some hundreds of kilocycles pre ipitation of smoke can also be observed 
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as was first reported by E. B. Pearson.^* The phenomena occurring at 
the high ultrasonic frequencies cannot be directly compared with those 
at the frequencies of rapid coagulation. One essential difference is the 
fact that at these high frequencies not all the particles oscillate ; under 
certain conditions no coagulation occurs at all. Several particles rotate 
around another without colliding. Fig. 14 shows the experimental 
arrangement. Q is the piezo-electric crystal, R is the horizontal sounding 
tube, and M the microscope. If the microscope is focussed on a layer 
just above the bottom of the tube the rotating particles can be readily 
observed as they do not disappear from the range of vision by sedimenta- 
tion, but move only in a horizontal direction towards the nodes. They 
appear to be kept at this distance from the bottom by vortices (they 
disappear at once on disconnecting the ultrasonic generator). The 



I'lG. 14. — Ultrasonic arrangement. 

particles moving to tlie nodes settle down there; these particles are 
ver>' small compared with those formed by the process of rapid co- 
agulation. Because of these and other effects the problem of aggregation 
produced by ultrasonic weaves of high frequency needs still further in- 
vestigation before it seems advisable to communicate any definite 
results. 


Summarj’. 

The process of rapid coagulation by s<mic and supersonic waves at 
frequencies lietween 5 and 50 k c. i.s studied. IHiotomicrographic and 
kinematographic observations prove that the prexess of aggregation takes 
place in the sound field itself, and give suggestive iniormation about the 
effect of the sound on the disperse system. 

The enlargement of the particles was measured by two different 
methods. The results show that the particles may easily increase in size 
more than a hundredfold under the infiuence of the sound field. 

Flowing aerosols may very efficiently be coagulated and precipitated if 
sufficiently large sound intensities are used. 

No complete theory of the ptxKess can yet be give4i. as some of the 
complex factors cannot yet be calculated quantiUtivcly. It could be 
deduced that the aniso-dispersity of the system must be taken into account 
when discussing the process. 

Fram the Abteilufig fur Elekirolyt-Farschung 
Universiiat Kdln. 

E. B. Pearson, Proc, Physic, 5 af,. London, 1935* 47, 13O. 




THE COAGULATION OF SMOKE BY SUPERSONIC 

VIBRATIONS. 

By E. N. da C. Andrade, D.Sc., Ph.D., F'.R.S. 

Received 26th February^ 1936. 

In a paper concerning the behaviour of particles in a column of 
vibrating air ^ 1 drew attention to the fact that smoke particles in air 
vibrating at supersonic frequencies would behave much like smoke 01 
other dust particles in air vibrating at sonic frequencies.* Later E. B. 
Pearson, working in my laboratory, carried out some experiments on the 
subject,* and observed a rapid coagulation of tobacco smoke in air sub- 
jected to supersonic vibrations ranging from 92 to 801 kc./sec. He 
found that the coagulated particles formed double lines on the walls of 
the tube in the neighbourhood of the nodes, reminiscent of the heaps of 
dust which form to cither side of the nodes in the familiar Kundt’s tube 
experiment, and he was able to measure the velocity of sound at super- 
sonic frequencies by means of these nodal figures. Mr. R. C. Parker, 
who is contini ing such experiments, has obtained the phenomenon in a 
particularly clear manner, as illustrated in Fig. i, which shows the rings 
obtained with magnesium oxide smoke at a frequency of 220 kc./sec. 

It seems worth while to examine the theoretical aspect of the coagula- 
tion. Spheres at rest in a vibrating medium repel one another if their 
line of centro is parallel to the \'ibrati(m vector, hut attract one another 
it the line of centres is normal to this direction.* The force of attraction 
or repulsion varies inversely as the fourth power of the distance, and 
directly ;is the square of the (maximum) velocity of the vibrating fluid. 
This attraction of particles suitably placed is sufficient to account in 
a general way for the coagulation. 

The calculations w'hich lead to the results just quoted make many 
assumptions. In the first place, that the particles are at rest in the 
fluid, which certainly does not hold with the smallest particles. For 
instance, at 300, (XX> for smoke panicles, of density p = i and radius 

r = 5 X K)"** cm., the ratio is 0-182, where is the velocity ampli* 
tude of the sphere and that of the surrounding air, while for smaller 
and lighter particles will be greater. For the purposes of obtaining 
an average value of the force for all particles it will, howrever, suffice to 
consider the particles as fixed if we take for the maximum velocity of 
the vibrating air the relative velocity in place of A more 

serious point is that the calculations assume that the motion of the air 
surrounding the spheres is vortex-free, whereas under certain conditions, 
which ordinarily prevail in, for instance, a Kundt*s tube, each particle 
is surrounded by a vortex system which governs tl\e forces between the 

^ PfOi\ Rvy. 5 oc., J931, 131A* 445, referred to in the present paper as 
*’ Circulations,^* 

•See ill this connection an interesting letter by H, S. Patterson and W. 
Cawood, Saturn, 

• Prac. Physic. Soc., 1935* 47 * *3<>- 

•Walter Koenig, Ann. Pkystk, 1891. 4a, 353 and 549, and 1891, 43* 43. 
Also E. N. da C. Andrade, PMiL l mk R^y. Soc.. 193-^. ^JoA^ 413. 

nil 
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particles.® The general explanation of the coagulation is not vitiated 
even if vortex systems are found, for two pai tides with transverse lines 
of centres are still attracted, but the law of force has not been worked out 
in the case of vortex motion, so that, if it takes place, no attempt at a 
quantitative theory can be made. 

Let us first examine if the assumptions of vortex-free motion can be 
supported in the case of ordinary smokes. It has been shown • that 
for small spheres the conditions which govern the initiation of vortex 
motion are expressed by 

nad ^ , 

— > 4*6 


where n = 27r/, / being the frequency of the vibration : d is the diameter 
of the sphere: a the amplitude of the air vibration: v the kinematic 
viscosity of the medium. The smallest spheres for which this law was 
proved were 0-25 mm, in diameter, and the greatest value of n was 7540, 
so that in extending it to the supersonic case we are extrapolating beyond 
our experimental range. There are, however, theoretical reason.s for 

supposing that this extension is justified. The value of “V2e/n, is 

not ver\’ different in the experiment.s in question and in the supersonic 
case, and it is apparently only large differences in this quantity, and then 
in a direction other than that which holds in the present case, that render 
the extrapolation invalid.’ 

If / = 100 kc./sec. and the value of v be taken a.s 0*15 (air), then 
formula (l) gives ad > i*l x io~*: if/- 800 kc./sec., ad >1*3 X 10”’. 


If therefore 


we need not anticipate vortex motion 


even at 800 kc./sec., while even for d 


are safe 


kC./MT. 

\Vc can make a rough estimate of the greatest value of a from the 
breaking strength (d quartz c rystals. laking this as 9 :v 10 **® dyne/cm. 
(given .is maximum value in International Critical Tables^ 4, 22) we get 
for the maximum velocity at the crystal face 700 cm^/sec., whieJr at 
/ === 8uo kc./sec. gives an amplitude of 1*4 x lo ® enn, .tnd at lOO 
kc./sec. gives i-i x cm. Owing to resonance these values will 
be exceeded in the air column, but again.st this the crystal is never 
run near amplitudes that Lad to fracture normal to the axis. If wc 
take these figures a.s giving roughly the amplitude of the air vibration, 
we see that we shall not get vortex motion unless d > icr* cm. An- 
other factor tliat will tend to suppress vortex motion wiilt smaller par- 
ticles is that a.s the particles get smaller the relative velocity of air and 
particle decreases. 

Wc are justified, then, in assuming vortex-free motion. In this case 
the force between two spiieres each of radius r, at distance d from one 
another, is given by 

A' •--- — ^ sin 0(1 — 5 cos*ff} j 

I . . (I) 


‘ Ctrculaiiom. p. 45,, tt seq. • ibid., ji. 4P3 et seq. ’ Ibid., p. 467. 
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where 6 is the angle which the line ol centres makes with the direction 

of the vibration velocity W. The force is thus proportional to — 

a* 

The repulsion which takes place when the line of centres of the particles 
approaches the direction of the vibration vector need not concern us, 
as the only effect which it can have on coagulation is a secondary one. 

Two particles of the size contemplated, moving together under an 
attractive force of the magnitude in question, can, in a viscous medium 
such as air, be supposed to move at a speed proportional to the force 
and inversely as the surface. The assumption that the resistance is 
proportional to r* is, of course, a provisional one, as the problem of a 
sphere moving through a liquid oscillating at right angles to the motion 
hits not been solved, to my knowledge. For a sphere simply oscil- 
lating in a viscous liquid, however, the component of the resistance 
which assumes importance for our frequencies and linear dimensions 
in = 2 X 2i)0 kc. per sec., a = to lO""* cm.) is proportional to r*. 
The oscillations in our case are, of course, transverse to the travel. The 
i'onsideration of the accelerated motion of a sphere through the liquid is 

verv’ complicated, involving as it does ~ and terms in r*, r* and r. The 

at 

.selection here made of r* is jusiihed by the fact that measurements by 
Mr, Parker, carrict! out after the calculation had been completed on this 
basis, agree very well with the formula deduced. 

On this assumption the time taken for the particles, of fixed radius r, 
to move from a distance d until they are in contact, at distance 2r Ix'tween 
centres, is 

t = A" 1“ x*dr = K{d^ - 32 r*) 

K is a tons taut during the movement ot the particles up to the time when 
they tour'h and adhere, but is inversely proportional to 
M -= mas.s of smoke per c.c., whatever the concentration, so that we 
are dealing with the coagulation before an appreciable amount of smoke 
has settled, and N I lie number of particles at any moment. 


Then mass of single particles 



r = AN-^ 


w lie re 



The average distance iHrtween the particles = u = The relative 

velcKity of air and particle, in the case where the particles are not so 
heavy as to remain fixed while the air washes over them, is 



where is the maximum velocity of the particle during vibration, and 
that of the air. 
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Hence t== time in which number N of particles is halved, 
= (i - - 32A^N-i) 


BN-* 


= PN-i 


(-a- 


,{I - 32/J‘) 


( 3 ) 


where P is constant for a given mass of smoke and velocity-amplitude of 
the air. 

Let us suppose that, at the frequency concerned, even the smallest 
particles with which we deal are not appreciably entrained, i.e., wJvq is 
negligible. Then, considering the process as a continuous one 


or 


dN 

N 


r dt 


dt^-- CN-i dN 
t ^ C(N^^ ^ .V*) 


(4) 


which gives an initially rapid falling off of number of particles with 
time, becoming slower as time increases. Fig. I represents this law. 
Formula (4) gives a coagulation rate which is independent of fre- 
quency, because has been taken as zero (particles at rest in oscillating 
medium). Actually, howwer, wjv^ while exceedingly small for very 
high frequencies, approaches unity as the frequency dimini.shcs, and it 
is this that makes rate of coagulation increase with frequency. The 
factor is also a function of the particle size, decreasing as the par- 
ticle size increases, so that for lower frequencies, where is initially 
not negligible, the curve of Fig. I gives a rate of coagulation that is too 
rapid in the initial stages as compared with the later stages. The quan- 
titative relation is given by the somewhat compIic;ited formula • 


!i5 ^ ^ 3^ + 9/2^* + 9/4** ] * 

^0 “H -f 9/2f>* -f 9/2f^ r 9/4b^( 


Here a — 



where a is the ratio of the density of the particles to 


that of the medium, while b 


r Vtrfl* instance with particles of 


magnesium oxide (/)4="^>‘35> ==- 20 (j : with tobacco smoke 

a = 820. With air 


h rz= 



_ 0-087 ^ ^ 
" .f-fi 



16) 


In any particular case, therefore, we can find the value of J5, and, sub- 
stituting in (5), obtain as a determined function of N and /. If we 
substitute this in (3) we have a relation between r and N which involves 
/ and known constants only. 

^nation (5) can be simplified only in certain cases, which arc best 
considered as they arise, that is, when par ticular experiments, with known 

‘W. KOnig, Ann, Pkysik, 1891. 43, 353. Sec also E. N. da C. Andrade^ 
Proc. Roy. Soc., 1935. 134A, 445- 
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values of B, are in question. It may, however, be pointed out that if 
Jlf « 3 X gm./cm.*, which gives, from (2) and (6), B = 14*8 with 
P t=: 0*35 : r == 5 X lO-* cm. initially : / == 300,000 : then, in (6), 
b 3*2, and we can neglect 9/2 + 9/2 fr* + 9/4 in comparison 
with a* + SiUf, as amounting to about i per cent., and decreasing as 
coagulation takes place. We can then use the simplified expression 

/ _ ^ {{a^ + ^ab)^ - ^b ( 2 b + b^^^ 

\ v^J + 2>ab 


In general, however, further simplification is not possible, owing to the 
values of b being neither small nor great compared to i. 

As an example we may take the following figures, where {wqIv^)^ 
and represent the initial value and the values after 

the number of particles has been reduced to one-half and one-tenth re- 
spectively. The initial radius r is taken as 5 x 10*^ cm. 


'■ ! 



1 

^OO.CKK) 

j 

0*01 

negligibly small 

75.(KX) 

O* I 1 I 

0-050 

1 o-oo8 


I 


This shows that at / — 300,000, Fig. i should represent the state of 
affairs wnlhout correction. At /= 75,000 the initial rate is 

(l — = 079 times, 

and the rate after N has been reduced to a half is 0*90 times, the value 
given by Fig. I, the rates for values of X less than 0-i *Vg being appreciably 
the same. 

Since this paper was first communicated to the Society Mr. Parker 
has carried out experiments which have confirmed formula (4), and so 
.substantiated the general correctness of the theoiy\ 


EXPERIMENTS ON COAGULATION BY SUPER- 
SONIC VIBRATIONS. 

I3y R. C, F*arker, B.Sc. 

Kteeivtd /ih Aprils I93b» 

IVofessor E. N. da C. Andrade suggested to me that 1 should look into 
the question of the coagulation of smoke by supersonic vibration experi- 
mentally, with the object of seeing how far the formula which he has derived 
actually represents ^e variation of the number of particles with time. 
The experiment has been carried out with magnesium oxide «noke in air, 
vibrating at a frequency of 220 kc./sec. In the method used the vibration 
is allowt^ to continue for a given time, and the concentration is then deter- 
mined. The natural coagulation during the period of measurement is 
negligible, and it has been found possible to reproduce a standard initial 
concentration with great consistency. 


iii6 EXPERIMENTS ON COAGULATION 

The particle concentration was determined in a manner similar to that 
employed by Perrin for counting particles in a dilute colloidal solution in 
liis experiments on Brownian motion. The freely suspended particles were 
viewed through an ultramicroscope fitted with a Zeiss 23 -5 mm. achromatic 
objective, the number visible being that contained in a volume equal to 
the product of a prescribed area of the field of view and the depth of focus 

of the optical system. In the eye- 
piece (X 12*5) was inserted a chess- 
board graticule which enabled the 
field of view to be restricted within 
known limits, according to the tyjx? 
of graticule used and the number of 
squares considered. The concentra- 
tion was then ascertained by noting 
the number of particles which could 
be seen instantaneously in a known 
volume. A photographic shutter, 
placed in the path of the illuminating 
beam, was openetl every two seconds 
for the duration of half a second, and 
the number of particles noted at 
each exposure. This numln^r never 
exceeded 7 or 8. The final values 
giv'en below (Table 11 .^ represent, for 
each concentration, the mean of abtiut 
720 counts and have a prol>able 
error of less than i per cent, Only 
120 counts were made for any one 
given filling, after which time the 
contents of the tube were reneweti 
and the air was set into vibration for 
the requisite peruxl. Owing to the 
steady condition of the smoke any 
local irregularities in its distribution 
tended to persist over s<'veral counts, 
and hence a more rei>resentative 
Pig I. value was obtained by stdecting for 

observation each graticule squan^ in 
rotation It was found necessar>' to eliminate any motion of the particles 
that might arise from convection, otheruist' the numlx^r of j>articles seen 
in the field of view would depend upon their velocity. The several pre- 
cautions adopted to minimise this source 
of error are detailed in forthcoming 
pafKT by Andrade and Parker ; they are 
chiefly concerned with the method of in- 
sulating the tube against any local tem- 
perature variations, and ensuring that its 
temperature is that of the entering smoke- 
laden air _ 

The magnesium oxide smoke was ol>- ^ 3 

tained by burning 9*7 mgm. of magnesium 
ribbon m a stone jar of 12 cubic litres 
capacity. A diagram of the arrangement 
used is shown in Fig. i, A brass cap C, 
which .served to support two long elec- Fio. 2. 

trodes, fitted closcdy over an opening in a 

metallic plate, cemented so as to close the jar. To the lower clectn>de was 
fixed an asbestos covered cup on which was placed the requisite amount of 
magnesium riblxin. Connecter! across the electrodes, and in close contact 
with the magnesium ribbon, was a length of resistance wire. The mag- 
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nesium ribbon was ignited by passing a current through the resistance 
wire, and filled the jar with smoke. To determine whether this process 
gave reproducible results it was repeated six times, the initial smoke con- 
centration being each time ascertained by counting. The values obtained 

TABLE 1 . 

Details of count for one determination of the initial concentration , There were 
six Hej>arate fillings, and three .sets of 40 counts were made for each filling. 

For fillings i, 3 and 5 counts were made by observer A. 

*. 4 ,, .1 B- 


1' ill 111(7 

» . 

2. ! 

3 ' 

4 - 

■; 5. 

6 . 

Numl^r of partirhw counted 5 

108 

02 1 

109 

( 

; lOI 

i 

1 88 

i 

101 

I 

so 


102 

< 1 10 

i 

82 

: 

Si 

10 1 ' 

107 

i 82 

! 77 

94 


I* dal . . ^75 i 2HH j 31^ ‘ 2t»3 ; 250 ; 277 


rotal number oliserved bv A . . 849 

' B . . . 858 

Mean number per unit volume . 23*7 

by tw<i ohservers making 360 counts, are detailed in Table L. and, as may 

Ix' s«*en, their mean >‘alues obtained by the two observers agre^e to within 

1 jxT t<'nt. To make certain that, in the absence of a sound field, the 

normal coagulation and 

M'tthng under gravity 

was small, observations 

were extended over 

eight minutes, there 

lieing exhibited, during 

this time, no fall in the 

concentration 

Tht smoke, on 
which the al»ovc (d>- 
Nervations were made, 
was containcxl in a 
glass tulx' ol liMigth 
10*5 cm ami intem«al 
iliameter 2 cm. (hie 
end of tlu* tulx* was 
closcxl by a flat glass 
disc*, while the other 
end was closed by a 
cylindrical t|uartr crys- 
tal oscillator which 
fitted with a small 
clearance all round. 

Fig. 2 is a cm»»-section 
through the"^ tube at 
the point, 6 cm. from 

the osicillator. wdierc ^ 

the ohservationa were 
made. The luiles A 

and B were cloaed by Fic 3. 

windows of very thin 

glass (the iridescent fragments of a quickly blown bulb) smoothly stuck 
to the inner surface of the tulie, care being taken to avoid any projection 
which might cause vortex motion. A pointolite lamp, in coiijunction with 



Fig 3. 
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a convenient optical system, was employed to illuminate the field of view, 
and a water cdl, 12 inches long, containing a solution of cuprous ammon- 
ium sulphate eliminated any heating effect which the beam might have. 

The values for the particle concentration were obtained for 8 values 
of /, the time during which the supersonic vibrations were maintained. 
The greatest value of / was eight minutes, which caused the number of 
particles to fall to about i /40th of the initial value. The eyepiece graticule 
chosen for the lowest concentration gave an area of observ^ation 16 times 

TABLE IL 


Time 

t 


j No, of Particles per Uait Volume (Each 
Extermination Representing the Mean 
of Z20 Counts). j 


Mean Value. 




Observer 

A 

j Observer 

B 1 

! 

2 2 0 

240 1 

20-5 

^ 4-4 


23-1 

171 

iS-o 1 

iho 

> 5-0 i 

1 40 

i8-o 

ib*2 


12*6 

12-5 

III 
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that used at the highest concentration. Unit volume was taken as tliat 
bounded by the graticule square of smallest area, as used in determining 
the initial concentration. At the very low concentrations, when the 
time interval was six to eight minutes, there was a tendency to include 
certain small non -coagulated particles which were present, and were mon.^ 
obvious when, as occasionally happened, there were no coagulate<l particles 
in the field of view. The ob^rvations were divided between two observers, 
whose estimates were in good agreement. As there was usually a number 
of particles visible, that were not in focus, a certain amount of practice 
was found necessary : then, ultimately, very satisfactorv* con.sistency was 
obtained. 
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Table II. gives the values obtained for various times of the coagulating 
vibration, each value in the fourth column being the mean of about 700 
counts. In Fig. 3 is drawn the theoretical relation between the concen- 
tration and time, the points plotted being those experimentally determined. 
The resulting agreement is, as may be seen, extremely close, and there can 
be little doubt that the mechanism considered in the theoretical treatment, 
closely corresponds to the existing conditions. Too much reliance must 
not be placed upon the slight deviation shown at low concentrations, for 
it is there that the experimental observations become less consistent. 

GENERAL DISCUSSION.* 

Dr. E. G. Richardson (Newcastle) said : The authors have established 
that there is a range of frequency in the supersonic region most elective 
for coagulation ; is there not also a most effective amplitude range ? 
Mr. T. Laidler and I, at Newcastle, measuring the velocity of sound in 
aerosols, found that coagulation may be to a large extent inhibited, even 
when using a supersonic source, if the amplitude is kept to a minimum. 
On the other hand, a large amplitude is known to favour dispersion, as in 
the production ot emulsions by supersonics, 

Brandt and Hiedemann have u.sed optical absorption to measure the 
change of particle size during coagulation, citing the work of Wiener as 
justification for the assumption that the absorption of light is proportional 
to the square of tiie particle diameter. Though this method is very precise, 
yet I think the results they have obtained from it require correction. 
Wiener was concerned with transparent particles, ir., fogs. I hav'e verified 
the same law for the extinction of light by opaque particles in suspension 
down to 10^, yet for diameters lictween 10/4 and ifi Cheveneau and 
AudulH‘rt * have shown that an extinction coefiicient proportional to the 
diameter fits the results Ixdtcr. What vva> the range of particle size in 
the present cxjienraents r 

Mr, G, W. Slack (Leeds) said : it may lx* questioned whether any 
diticrentiation. in the later .stages of coagulation, lx?tween coagulated and 
uncoagulated particles is desirable in what is fundamentally a statistical 
inve-stigaliun, since any such distinction must obviously be made on an 
arbitrary size- basis and since, moreover, it is impossible to say at what 
time tins process should be started. If we count only coagulated particles 
then the number at the start must be taken as zero, whilst on the other 
hand if we count all the particles, then, towards the end. Mr, Parker's 
counts are admittedly t<x) low and the divergence from the theoretical 
expression of IVofessor Andrade will be in the same direction as the results 
oi Brandt and Hiedemann,* and also in accordance with the qualitative 
experiments of Patterson and Caw<KHl ® who found a distinct tendency for 
small particles to pi^rsist after the major portion had flocculated out. 

From the j>aj>er it is not clear that the smoke must have been diluted, 
or otherwise treated in .some way, to reiiuce the number of particles, since 
on making a cloud of the mass concentration given the numl^rs fell rapidly 
from 5 .X 10* to 5 X lo* in bj mins. 

Dr. KL. SoUner (London) said : Liquid, non-metallic substances are 
dispersed int# gases by the same mechanism as that which causes emulsi- 
fication in liquidA^uid systems, i.e. cavitation, as was shown a short time 
ago.* When the sound travels through the liquid, the latter is stretched 
locally and disrupts there, forming a cavity. If an external force (c.g. gas 
pressure) acts from outside this cavity collapses vehemently, as w^s showm 
by Lord Rayleigh. 

• On the three previous papers 

' .-f wif. Physique, iqao. 13, 134 * (Table 11 . and Fig. 9). 

• Smahe, V^ytlaw-Gmv and Patterson, p. 183. 

*C, Bondy and K. Sdifner, Trans. Faraday Soc., 1935 * 31 * ^> 35 ' 
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Attention should be drawn also to the papers on orthokinetic coagulation 
by G. Wiegner and co* workers, chiefly Tuorila,* who have developed a 
theory, which takes into account the different velocities of particles of 
different size* when an external force acts upon the whole system, e,g, the 
different rate of sedimentation in a suspension of j>articles of different size 
causes collisions between these particles, thus increasing the rate of co- 
agulation. This orthokinetic coagulation was very helpful in under- 
standing the coagulation of emulsions by ultrasonics,* and it may be 
applied profitably also to gaseous systems. 

Mr, A. G. Grant (Darlingtoft) said : These very interesting papers on 
particle coagulation by sonic and supersonic means, oy>en up a wide field 
of speculation. .\t the present time there are many simple means of re- 
moving coarser particles from gases, and it is the fine particles which intro- 
duce complexity and expense. 1 wonder if sonic coagulation will prove 
capable of large scale application as a preliminary to electrical precipita- 
tion or other known means of particle extraction. 

Dr* R. Lessingf {Lotuion) .said that Mr. Grant's suggcstitm that the primary 
aggregation of particles by supersonic weaves might form a first step in the 
industrial elimination of dispcrsoi<ls from gases, had an analogue in the 
addition of flocculating agents to suspensions, which had in recent years 
been intrcKluced into sedimentation and clarification practice. 

Professor R. Wh3ftlaw-Gniy (Leed^ said : Has Dr. Hiedemann 
any evidence on the electrical state of the partich*s during sui>ena>nic 
coagulation ? They may jxissibly bt'come electrified Has anything 
suggesting this lieen observe<l ^ 

The photographs in Dr. Heidemann's pajxfr of the aggregates precipi- 
tated by this pnxress exhibit the siime structures on a larger scale as thos<* 
formed in the much slower proces.s of natural coagulation. 

Dr. E. Hiedemann {Kdln) said : We do not agree with Andrade when 
he attributes the cause of acoustic coagulation only to the forcf ,‘8 l>elwot‘n 
spheres in an oscillating medium, as comprchcn.siveJy studied by Hjerkness ’ 
A direct comparison of our n'sult.s and thotiie obtained by .\ndrade cannot 
be made, as the exiicrimental ccinditions were very different. At the high fre- 
quencies he used, the suspendeil jiarticles do not, in effect, oscillate, whereas 
at the lower frequencies mo.st of the as yet unaggregated fiarticles oscillate 
The conditions at the lower frequencies are much m<>re complicated, as we 
ha\e seen from our thcx^retical calculations and our experimental results. 
I'he order of magnitude of the effect of the sound field is also quite different. 
The process of sujxTsonic pr<*upitation studied by Andrade and co- workers 
takes some minutes to complete, w^hereas the rapid coagulation by sonic 
and sujxr.sc>nic waves studied in our experiments needs only a few' seconds 
or less. I will therefore only [K>int out some theorc»tical |K>ints with regard 
to Andrade's interesting tlieor^*. His ec|uation (i) W'as derived by W. 
Konig,* who used simplifying assumptions. It is difficult to judge w'hcther 
these simplifying assumptions are justifiable at the very high frequencitrs 
he used, especially where the particle size is so that molecular 

disc.ontinuity cannot lx neglected for precise quantitative calculations. 
To approach a solution of tlie f problem it is, of course, justifiable to start 
with such simplifying assumptions ; for this reason we have alsi» ustnl 
Kbnig s formula in calculating * the order of magnitude of the Bjerkness’ 
forces of attraction in the pruc^ess of coagulation. Wc preferred to a.ssume 
the force of the resistance of the medium to the approaching particles to lx 
proportional to r, whereas Andrade has choscui r*. The law of resistance 


* C/ , / i'.. G. Wicj^ner, J. St CArm. Indust , 1031. 50, 55 ; P. Tuorila, holUnd- 
(htni. Bethf lU, 1927, 24, i. 27. 

* K. Sollner and C. liundy, Trans Taraday Sor., 1930, 

’V. Bjerkness, 0/i-r AvdfoJyntimtschr TemtkrdfU na(h C A. 

Bjerkmss Theoru\ Jkl. 2, 1900-02. 

* \V. Kbnig, Ann. Phvstk, 1H91. 42, 353 and 540 : 43. 

* 0 Brandt, Dhf^eri. K 5 ln., Feb 1930 ^ 
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for particles moving at right angles to the oscillation of the medium is as 
yet unknown, but if one assumes that the motion of particles towards one 
another is independent of the oscillation of the medium at right angles to 
that motion, the resistance must be assumed to be proportional to r until 
somewhat large particle velocities are obtained, if one considers particles 
of diameter ift, Reynolds' number is smaller than 0*2, so long as the velocity 
of the particles is smaller than 600 cm. /sec. 

The anisodispersity of the system is another serious difficulty, especially 
as we have seen from our measurements that incipient aggregation has 
the effect of rendering the system still more anisodisperse. One w^ould 
also conclude from Andrade’s equation (i) that the largest particles co- 
agulate first as the forces of attraction are proportional to r*, and this would 
ahK) have the result of making the system more ani.sodisperse. 

In consequence of the large increase in mass of the particles, one would 
expect an accelerated sedimentation, e.g. similar to that shown in Fig. 1 of 
the paper. Could the mass-concentration M in equation (2) be made 
amstant ? 

Notwithstanding these difficulties, the agreement between Andrade's 
and F^arker’s experiments is excellent. But even this cannot suppress 
another serious doubt. The calculations are made for particles of a 
strictly spherical shape, but the experiments were made with 'magnesium 
oxide smoke. Eve^n if one could assume the primary' particles to have an 
approximately spherical shape, one must consider that after the first 
' particles the enlarged particles are not spherical at all ; 
for increase<l coagulation the .structure will be very llocculent. 

Although one approaches with diffidence the simplifying assumptions 
of Andrade's theor>% the agreement between the theory and the expen- 
ment^il results is $0 remarkable that one may hope to obtain reliable 
knowletige t»f the forces causing aggregation at high sujx^rsonic frequencies. 

Mr. R. C, Parker {Lo9td<nt) in reply, said : The distinction made be- 
twet.ni the cnagulated and uncoagulated particles did not play the important 
|)art in the observations which Mr. Slack ^ugge.sts. A few small non- 
coagulatt’d ^larticles were* observed at all stages, and were clearly very 
difliTent in sire, as judged by their brightness, from the main Ixxly of 
jxuticles. After (» or 8 minutes, when the Cx>agulated particles were ver^* 
scarce, the smaller jxirticics were com{>arable m numl)er with the now \ery 
much larger jiarticles which were counted. I'Yora the point of view of the 
problem under consideration the uncoagulatt ^i particles should clearly not 
be taken into acciuint What is in question is iK»t the numl>er of particles, 
but the nuinlx*r of effective unions, a large numl>eT of which go to the 
making of one larger particle. That the tbstinction made was not an 
arbitrary one is clearly shown by the fact that twi) independent observers, 
wf»rking without any }K>ssibility of conscious or unc mscious ‘CoHusion, 
obtaine<l consistent results. 

Mr, Slack has, Utter, c<infound«Hi the concentrati on in the stone jar. 
in w'hich the smoke was originally pn winced, with that existing in the 
observation chamber. The smoke produced m the st«me jar was highly 
concentrated and coagulati*d rapidly, as would lie expected from the work 
of Whytlaw-Grey and his coUalwirators. Alter standing fiir some minutes, 
however, tbe ^jpioke was ^mssed through several pipes and a calcium chlo- 
ride diydng tubt\ where further coagulation and filtration took place. 
The result was that the smoke, as initially ohser\ed in the observ^atiun 
chamlier, had a amcentration of lo* particles per cm.*, which did not dimin- 
ish appreciably in the time oonccmeil. Extnmiely slow coagulation at 
this c<.mcentraticin would l>e anticipated from the wxirk of the L^s school, 

Proimor E« dm C. Andrade (Londim), in reply to Dr. Richardson, 
said : The variation of coagulation %vith amplitude is a point of great im- 
portance, which has not yet been investigated. According to my ideas 
the rate of coagulation should vary as the square of the axnj^tude. and 
measumnents directed to this point would throw valuable light on the 
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mechanism. No experiments, however, have yet been made in this direc- 
tion in my laboratory. 

As regards the very interesting paper by Brandt and Hiedemann, it 
is to be regretted that fuller information is not given. We are not told the 
frequencies which were used, nor. in particular, what precautions were 
taken against convection, which is generally found troublesome, but which 
we have eventually succeeded in eliminating. Since, in Fig. 4, the sound 
was cut off for photographs (g) and (A), and all the streaks are in the same 
direction, it would appear that convection is largely responsible for the 
nature of the images. There seems to be no influence that could orient 
actual long particles all in the same direction. 1 am also not clear why the 
exposure was lengthened from i /125 second for Fig. 3a, to i /lo second for 
Fig. 36. The longer exposure may play some i>art in the changed appear- 
ance. I am a little troubled as to why tobacco smoke particles, which 
are practically all water, are called dry. 

The sketch of the theory is hardly full enough to justify critical con- 
sideration. I may say that, for sonic frequencies, I have found, with the 
assistance of Mr. R. A. Scott, that at 2300 with an amplitude of 015 
mm., coagulation of tobacco smoke takes place rapidly, (tube practically 
clear of smoke in i minute) whereas at 165 and an amplitude of 1*5 
mm., there was no appreciable coagulation due tt> the sound in half an 
hour, although the concentration was fairly high. If the forces which I 
have assumed active in my theory are really responsible for the cf>agulation 
this is easily explained, since at 2300 ^ there will l>e a small relative motiim 
between the air and smoke particles, while at 105 there will be practically 
none. With the verv' much greater amplitude which prevails at 2300 
than in the supersonic case, a relative motion amounting to only a small 
fraction of the total amplitude should be sufficient to produce market! 
coagulation. It is quite possible that these experiments at sf>nic frequencies 
are also explicable in general terms on the theory of Brandt and Hiedemann, 
since at low' frequencies all particles, small and great, have about the same 
amplitude. I am, however, in some doubt as to how their tlwirv' can ex- 
plain the results at high supers^mic frequencies, w'here all particles, small 
and great, are at rest in the medium. 1 do not think, therefore, tliat the 
aniso-dispersity, vshich on their theory is res|x>nsible for the coagulation, 
can play any part in the supersonic case, although, of course, l.K>th it and 
the hydrodynamic forces may lie active at i^mic frequencies, hurther 
ex[>eriment is needed on this point. 

As regards the cnticLsra of my theory, what is requiretl to test a theory 
ii» some kind of quantitative formula which can lie experimentally chtseked, 
and in the case of a problem as complicated as the present one, some kind 
of simplif>ing assumptions are necessar>'. Those 1 have made are tenta- 
tive rather than w'ell established, and I am well aware that sul>sequent 
workers may improve upon them They do, however, furnish some indica- 
tion of how' the problem can lie approach^. As regards the resistance 
proportional to the particle is not moving uniformly hut rapidly ac- 
celerating. and I have given a mugh rc^uion for my adoption of this law 
At any rate the application of Stokers’ law is clearly not justified. I have 
actually tried the effect of a resistance proportional to r, and found a 
formula which disagrees violently with Mr. Parker’s observ'ations. This is 
in itself of fRime importance, as showing that the experimental results do not 
agree with practically every likely-looidng formula, as might be the case. 

1 kx>k forward to studying the full theor>' of Brandt and Hiedemami. 
especially in its bearing on the variation of rate of coagulation with 
frequency. 

Dr. E. Hiedemann (K 6 ln), said : In reply to Dr. Richardson : We 
have not found a mrxit elective range ; we have as yet only observed that 
the pnxiess of rapid coagulation is the more effective the higher the ampli- 
tudes. Although large amplitudes of supersonic waves are knowm to favour 
dispersion in liquhls, such an influence on suspended systems in gases has 
never been rcp<.>rted. 
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Our assumption that the absorption of light is proportional to the square 
of the particle diameter is based upon the work of O. Werner (loc. cit.) 
W, Trabert,^* G. Mie {loc. cit.) and W. Findeisen.*^ 

O. Werner has measured the dependence of the absorption of light in 
fogs upon the particle diameter when the mass-concentration remains 
constant. The evaluation of his experimental curves in some cases accords 
with the assumption that under these conditions the extinction of light 
is proportional to the reciprocal particle diameter, but in other cases the 
agreement is not good. The different results of Ch^nevau and Audubert 
were obtained with suspended particles in liquids and may perhaps not 
be valid for suspended particles in gases. Most of our particles haid dia- 
meters from 1*6 to 2*0^, During the coagulation the diameters of the 
particles increase rapidly to more than lo^i. Even though our assumption 
should not be quite justified for the smallest particles, only the very first 
part of the curve would require some correction. The uncertainty of this 
small and as yet not impr^rtant part of the curve is unavoidable as different 
authors cited have got different results. Another and more important 
uncertainiv" is due to the aniso-dispersity of the system. But in the evalua- 
tion of our measurements both uncerteinties may safely be neglected as 
we only sought information upon the order of ma^itude. 

In reply to Dr. Sollner : In the short outline of our theorv' of the pro- 
cess of rapid coagulation we have already mentioned that we have found 
the anis<Kiisper.sity of the system to be of importance for the aggregation.*® 
The different vel >city-amplitudes of the particles of different sizes bring 
about kinetic impacts leading to coagulation in the frequency range used. 

In reply to Mr. Grant : Measurements of the energy required for the 
pn>cess of rapid coagulation by sonic and ultrasonic waves have so far 
only been made with the usual laboratory ap}>aratus. The efficiency of 
the ap^watus deptmds of course very much on the sort of acoustic generator 
used W'ith a certain generator the efficiency of the sonic aggregation could 
well \>e compare<l with that of electrical precipitation. But the results 
of experiments on a small scale do not |KTmit definite conclusions regarding 
large scale application, as one knows many cases in which a chemical process, 
which IS very satisfactorN’ in a t€*st-tul>e, is quite discouraging when tried 
on a large scale It will therefore only he p(^ssible to answer this question 
when comprehensive experimental work has been done on a large scale. 
WV haw undertaken such exjx*riments. but some time must elapise before 
we can give reliable information as U> large scale applicatk.*n. 

In reply to IVoft^ssor WhytlawTVrey In some cases we have indeed 
little doubt that the |iarticles precipitated by the process of rapid acoustic 
coagulation were el<*ctncally charged. H. for example, a precipitated 
aggregate was dividtHl by means of a sharp point, some of the divided 
aggregate had somewhat strong electric charges, h one mtA^ed such 
charged aggregate through the other aggregates without ttmching them, 
foretth of attraction and of repulsion could easily he observed. As the 
experiments on the ek'Ctric chaise of the coagulated, but still suspended, 
particles are not yet conchuled 1 cannot make any definite statements for 
this cast‘. 

As lYtffessor Whytlaw-Gray points out the aggregates precipitated by 
the prc>cess rapid acoustic coagulation do exhibit the same structure 
as those formed in the process of natural coagulation. Since the acousti- 
cally produced aggregates are much larger, microscopic study of them 
may perhaps help to c<implete the study of the shape of the naturally formed 
aggr^ates so successfully made by IVofessor Wh>*tlaw-C»ray and his 
co-w'orkers, 

W. Trabert, 1901, iH, 

** W. P'indeuea. btsserMion, Hamburg, 

*•0. Brandt and K. Hiedemano, Koti<nd-Z , 193^. 75 » *29; O. Brandt. Dn* 
Kdln, 1936. 
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Mr. A. G. Grant (Darlington) said : From the statements just given by 
Dr. Hiedemann it looks as if the power for sonic aggregation would be of 
the same order as that required for precipitation. In this case, as some 
form of removal plant would still be necessary, the merits of sonic aggrega- 
tion as an industrial process will he determined entirely by the initial cost 
of the plant involved. 

Dr. E. Hiedemann (Kdln) said, in reply to Profes.sor Andra^le : The 
measurements and kinematographic observations given in our paper were 
made at a frequency of lo k.c., though we have made other obser\^ations 
and measurements over the whole range of frequency of some k.c. to some 
hundred k.c. As the rapidity of the coagulation at lo k.c. under our 
experimental conditions is enormous compared with that studied by 
Andrade and Parker, convection effects were absolutely negligible, so 
that we did not need to take any precautions against it. i^>fessor Andrade 
has misunderstood Fig. 4. What he supposes to be actual long particles 
oriented all in the same direction are not pictures of particles but of the 
tracks of the coagulated particles when sedimenting. The track.s falling 
particles are of course all in the same direction. I'rom the description cd 
our optical arrangement in Fig. 1 it will be seen that the oliserx^ation was 
ultramicroscopic. The reason for chcK)smg diflerent times of exj^v»sures in 
Figs. 3u and 36 is stated in r»ur pafKT so that this question apiH'ars also to 

due to the misinterpretatKui. 

In calling NH4CI- and tobacco smoke j>articies ** dry ’ wr. of ct»urse. 
only wanted to distinguish betwtH*n really liquid particles (such as oil drop.s) 
and particles consisting of or containing solid or nearly solid matter. Fhe 
nature of tobacco smoke particles is explained when describing log 1 1 . 
The opinion of li-ofessor Andrade that tolmcco .smoke particles *’ are prac- 
tically all water ha.s rather surprised me. Mr, K. B. Pearson working in 
his laboratory has used cigarette smoke.** 

On page 139 he states that he has used “ smoke, dried bv lieing blow n 
through a long calcium chloride If it were true that smoke particles 

* are practically all water " I am at a loss to understand what remained 
in Mr Pearson's smoke after drying it. 

Our theory which is here given only in outline w ill shortly publishetl 
in full elsewhere. We will therefore not deal with the remarks on that 
outline but will only draw' attention tc» some mi.su nderstanding.^ U c have 
saui that the anisodispersity of the medium i.s an important f;ut»>r in the 
pnx:ess of coagulation at frequencies Iwtween sf>me k c. and aUmt 50 k.c. 
(determined by the critical relation r* . «). But we have nr>t said that 
this alone is responsible for the coagulation. I'or the cast? of higher super- 
sonic frequencit'Tii wc have given lhef*ry at all. as w'e want more exi>en» 
mental results before trying to do so. When I }>ointed out the importance 
of the anisodispersity of the medium for the case of higher supersonic 
frec|uencics I did not of course* mean the coagulation effects due to the 
anisodispersity, which we treat in our theory and which would txt called 
oith</kiaetic coagulation in the terminology of Wtegner aiul Tuonla, as 
l>r. SoHner has remarked. I directe<l attention tf» the fact that the forces 
of attraction in Kdnig’s equation used by ITofessor Andrade are propor- 
tional to f*. From this 1 would conclude that no thf?orv' which disregards 
the ani.sodispersity of the me<!ium can Ihj exptiicted to give very reliable 
results. I cannot share the opinion of Professor Andrade as to the law of 
resistance and I shall treat this question very comprehensively m our 
forthcoming theory. I regret that l^itifessor Andrade has not indicated 
how it was ensured that the mass-concentration in Mr. Parker's ex|)ertments 
remained constant. 

lYofes.v^r .Andrade's chief objection to my serious doubts as to the 
reliability of his theciry j.s the agreement belwwn his quantitative formula 
and the experimental re^sults obtained by Mr. I^rker. Mr. I*arker's 

*» Pfoc. Physic, 1933, 47f *37* 
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curve indeed agrees remarkably well with — proportional to NW but, 

I am troubled by the fact that this formula cannot be derived from 
f^rofessor Andrade’s theory. If one makes the same assumptions as 
Professor Andrade makes, one really obtains equation (3), but, as a rnathe* 
matical consequence, one does not get the three next equations given 
by I^ofessor Andrade. On the contrary mathematical calculations give 
the following equations ; 

d*V 

y 

dt r- - 6'A'-* 3d a 

and these equations mean that dX/dt is proportional to *V^/ 3 . This formula 
violently disagrees with Mr. Parker’s results. That Professor Andrade's 
quantitative formula is not correct can very easily be seen ; if, for instance, 
/ could be calculated from equation (4), he would get i proportional to 
instead of 3 However. I also regard the hydrodynamic forces 
as important in the case of higher supersonic frequencies. 


MEASUREMENT OF THE OPTICAL DENSITIES 
OF SMOKE STAINS ON FILTER PAPERS. 

By a. S. G. Hill, 

Received (^h March, 1936. 

Estimations of atmospheric pollution are made from stain> obtained 
by drawing known volumes of the polluted air through a restricted area 
id filter paper. The object of the investigation described in this paper 
was to detennine the suitability ot employing a photo-electric density 
meter <»btiun a nieasun’ of the optical density of these smoke stains, 
instead of the more usual vi.sual comparative method involving the use 
of standard stains. It wiis desired to relate the stain optical density 
with the mass of the disperse phase in such stains, and so to estimate the 
smoke concentration. 


Method. 

A photoelectric density meter, similar to that designed by b Toy ' 
was con»tnicte<l by m<xiifying the original selenium cell form of the in- 
strument. * The selenium cell was replactxl by a caesium gas-hlled photo- 
electric cell, with valve amplification. The apparatus is shown dia- 
grammatically in Fig. i. 

Two beams of light from op|Kwite sides of a 6-volt 24-watt electric lamp 
L were diffused by opal .screens, and passed thmugh two optical systems to 
the photo-electric cell A , A sfxxial shutter F enabled the beams (of equal 
intensity) alternately to illuminate the cell. The photo-electric current 
produo^ by the illumination was amplified and balanced as in the usual 
null method. The stain, the density of which was to be measured, was 
placed in the path of one beam (at B). and a standard neutral optical 
wedge IF, connected mechanically to a vernier and scale F, graduated in 
density units* in the path of the other beam of light. The optical wedge 
was ad)\istedi until the galvanometer 0 gave a null defection for either 

* F. C. Toy. /• Inst,, 1917, 4* 3 ^i 9 * 75 - * *^34, i« 3d2*5« 


1126 


SMOKE STAINS ON FILTER PAPERS 


position of the shutter. The intensities of the two beams alternately 
incident on the cell were then equal. The reading on the wedge scale was 
a measure of the optical density of the stain* the units being dependent on 
the gradation and density characteristics of the optical wedge chosen. 
The true optical density D (t.s. the logarithm of the inverse of the trans* 
mission to ba.se lo) for the wedge used in these experiments may be 
expressed in terms of the scale readings as follows : — 

D =3 0*375 {Density Reading — 0*15) *f 0*92. 

The true optical density of a stain (obtained by subtracting the optical 
density of the filter paper from that of the paper with stain) was 0*375 
times the difference between the respective scale readings. 

The stains, obtained on a Whatman filter paper (R.F. special), by means 
of a hand pump (cap^ity 180 c.c. per stroke), were circular, and approxi- 
mately 0*60 cm. in diameter. It is essential that the filter paper should 

be of as uniform density 
as possible, as variations 
in the transmission of the 
paper limit the accuracy 
of the method. 

Samples of the {>ai:ticu- 
late cloud to be estimated 
were drawn through the 
filter strips by one or more 
strokes of the pump until 
a series of stains of vary- 
ing densities w'as obtain^ 
for measurement with the 
density meter. The errors 
due to paper variations 
were minimised by ex- 
amining a series of stains 
in this manner. 

Conditions for the use 
of the photo-electric den- 
sity meter should be con- 
stant. The lamp current 
was maintained at 3 5 amperes, and the valve filament current at 0-25 
amperes {Osram D.E. 5B valve, plate voltage 84 volts). After a reason- 
able time had elapsed for the battery potentials to reach a steady state, 
the mean optical density of the paper for each strip was measured, and 
this value used to obtain the optical densities of the respective stains on 
each filter strip. 

A preliminary calibration is necessar>’ lor each ty|»e of cloud examined. 
For any given smoke cloud, a series of stains was obtained, and the corre- 
sponding concentration of the disperse phase eHtimated gra^nmetrically. 
The concentrations were determined by drawing knowm volumes of the 
cloud through small dry asbestos filters, carefully drying the filters, and 
obtaining the mass increase by means of a balance, sensitive to x 0*002 
mgm. A calibration curve Is thus obtained which gives the relationship 
between the optical density of the stain and the mass of the disperse phase 
in the stain and hence the cloud concentration. 

The concentration of any cloud of the same substance and character- 
istics may be estimated from this calibration curve by obtaining a series 
of stains and determining the stain optical densities. Alternatively, if 
a known amcentration C produces a stain density D for n pump strokes, 
and an unknown concentration produces a stain with the same optical 
density D for tn pump strokes, it follows that the unknown concentration 

in^* disperse phase in the stain must be identical 

in the two cases. 



Fk;. i.~- D iagrammatic sketch of apfiaratus. 
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Results. 

1. Coal Fire Smokes. 

A small brazier served as the source of the clouds and was introduced 
into a chamber (approximate volume, 10 cubic metres), for short intervals 
of time, depending upon the required concentrations of smoke. Fires 
emitting various amounts of smoke were employed, and dilutions of any 
cloud were obtained by the admixture of filtered air. The resulting clouds 
were fanned continuously while mass estimations and stains were obtained 
simultaneously. 

An examination of the particles constituting the cloud obtained from 
a moderately smoky fire, as used for stain series No. 4 (Table 11 . ), collected 
by a sedimentation method, afforded the results shown in Table I., for 
particles visible under the ordinary microscope. Sub-microscopic particles 
also were possibly present in these clouds. 

Ditcttsalou of Results (Coal Fire Smokes). 

The relationship betw'een the optical density of stains obtained from 
coal fire smokes and the mass of the disperse phase in the stains is shown 
graphically in Fig. 2. 

It is somewhat surprising that the clouds from three coal fires burning 
under different conditions should afford consistent results. Analysis indi> 
cated that a very high percentage of carbon w»as present in these coal fire 
smokes. Drying the stains had little or no effect on the optical density 
measurements. The percentage error of the estimation of concentration 
for individual stains is of the order of ± 10 per cent. This is mainly due 
to the variations in the optical transmission of the filter paper. Some 
difficulty was experienced in obtaining a suitable filter paper of uniform 
transmission, but the percentage error is reduced to less than ± 5 per cent, 
if a series of stains is obtained and used for the estimation of concentration. 

It was found that, with the conditions of these coal fire smoke experi- 
ments. the optical transmission of the stain is inversely proportional to 
the fK^uarc of the mass of the disperse phase in the stain. It is possible 
that this relationship exists only for the particular optical arrangement 
used in the photo-electric density meter. The validity of this method, 
which is essentially comparative, does not depend upon the accuracy of 
the optical density measurement. 

It is inadvisable to use very dense stains. In practice, it was found 
necessary to limit the mass of disperse phase in the stain to less than 
4*0 X lO’-* grammes. Inconsistent results have been obtained when this 
amount has been exceeded. These are probably due to factors governing 
the transmission of light through such stains. The filter may be affected 
by strain due to the increased resistance to air flow . 

2. Owens* Automatic Recording Air Filter. 

TYm photo-electric method of estimating the density of stains on filter 
paper was considered of interest in connection with automatic filter 
records.* Dr/*J. S, Owens kindly submitted filter discs with various 
records for examination. 

An atmospheric pollution record (Feb. 12 /13, 1934) consisted of forty- 
five stains of various densities, some of which had been assessed shade 
numbers by Dr. Owens. The maximum variation in the optical density 
of the filter paptir (without stains) was approximately 0-041. The^ 
readizigs were obtain^ by avoiding watermarks> print and flaws in the 
paper, the presence of which near or within the stain area would render 

• J. S. Owens. Hnrofdth^ Atr FilUt : Tuknical ,\feik 4 )ds of Ckmmad 

Anuiym, C. Lunge and C. A. Keane, Vol. Ill . p. 645. 
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TABLE I. — SiZB OF Coal Fire Smoke Particles. 

Mean diameter of particles (ft) 02 0*4 o«8 I’Z 1*6 

Percentage of particles 22-7 50*2 20*5 57 


TABLE II.—Optical Densities ok Stains for Coal Fire Smokes, 


Cloud Source. I Smoky Fire. | Moderately Smoky Fire. I Clear Fire (little smoke). 


Stain Series 
Number. 
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accurate asaessment of the optical densities of the stains practically im- 
possible. In the recorder, the filter paper in the region of each stain is 
subjected to compression. The mean optical density for the compressed 
areas was 0*026 ^eater than that for the normal filter paper. This was 
taken into consideration in estimating the stain densities. 


TABLE III. — Owens* Automatic Rbcorping Air Filter Record, 

DATED 12/2/34. 

Stains number i /o 45 from 00*00 hours. 


Stain No. . 

I ' 

3 1 

1 

5 

1 

! 

7 1 


i 

1 

i 

I.*) 

1 

21 

23 

25 

Optical 
density . 

! i 

0*1 13 { 0*101 

i i 

1 0*064 

00 

0 

6 

0*068 

0*071 

o*o86 

0*240 

0*248 

0*266 

Owens* shade 
number . 

4 

3 

2 

! 

2 

J 5 

1 .-5 

1 2 

1 10 

i 

10 

1 

12 

Stain No. . 

27 

29 

30 


33 

i 

37 

40 

42 

44 

Optical 1 

density . { 

i o*2^B j 0-266 

0278 

j 

0*334 

j 0*413 

1 

; 0-360 

1 ! 

1 0-218 1 

0*135 

0 X 13 ] 

0*109 

Owens* shade’ 
number . 

! 1 

: 12 13 

! ^5 

1 

1 

^ 20 

! 

! 

^ iS 

1 

j 10 

t 

5 5 i 

5 

5 


} 



Fig. 3. —Relationship between optical density and shade number for certain 
atmospheric pollution stains. 


The curve showing the ndationship between optical density and 
Owens* shade number* obtained from the results given in Table IIL, 


iSbown in Fig. 3. It may be observed that the accuracy of the method 
of the order of db 1*5 Owens' shade numbers, the limits of visual assess^ 
ment presumably being ^ 0*5 shade number. The discrepancies shown 


UB' 




1130 SMOKE STAINS ON FILTER PAPERS 

in the correlation may be attributed almost wholly to the variation in the 
optical density of the hlter paper used. If a more suitable filter paper 
were obtainable, having a reasonably constant optical density, a l^^r 
correlation would result. Alternatively, if it were possible to obtain a 
larger area of stain, a number of density readings for each stain could be 
obtained and a mean value would reduce the possible errors oi individual 
readings. 

The optical density of the atmospheric pollution stains was more nearly 
proportional to the mass of the disperse phase in the stain than was the 
case with coal fire smoke stains. This may be attributed to the different 
nature of the disperse phase. It is possible that the texture of the filter 
paper used influences the distribution of the disperse phase in the stain. 

The mass of the disperse phase in the Owens' filter stain was compared 
with that of stains of similar density obtained from coal fire smokes. 
Owing to the different forms of the two calibration curves, it is not possible 
to give a constant value for the mass in a stain of unit shade number on 
the Owens' scale. Thus, a stain of shade number 20 gave an approximate 
value of 0*29 mgm./cu. metre for unit shade number, while for a stain of 
shade number 2, a value of 0*26 mgm./cu.m. was obtained for unit shade 
number. The value given by Dr. Owens for unit shade number is 0*32 
mgm./cu. metre. 

Although it is not strictly accurate to compare the atmospheric pollu- 
tion stains with those obtained from coal fire smokes, it may be concluded 
that the disperse phases in botli have much in common, the concentrations 
required to give a stain of given density being not very different in the two 
cases. 

Application of Calibration Curve to the Estimation of Stain 
Shade Numbers. 

Two filter disc records of atmospheric pollution were supplied by 
Dr. Owens, the stains of which were not assesseil in shade numlwrs. 
Density readings w*ere obtained and corresponding shade num tiers estimated 
from the calibration curve. The discs were then returned to I>r. Owens, 
who kindly assessed his standard shade numbers. 

Generally speaking, the results indicated a fair agreement lictween the 
visual and photo-electric methods of estimating the stain densities, rhere 
appeared to be several anomalous results and, of these, some were dcfimtely 
attributable to ffaws in the paper in or near the stain area. A |^>ossibie 
explanation of the remaining cases is that the appearance of the stain by 
reflected light may not always be a true indication of the mass of the 
disperse phase in the stain . It is conceivable that an occasional structural 
variation of the filter may influence the penetration of the disperse phase 
into the filter. If more of the mass enters the body of the paper, the 
surface density is decreased and the resulting stain w^ould appear less 
dense by reflected light than if all the disperse phase remained on or near 
the filter surface. The photo-electric method, using light transmitted 
through the stain, would give a measure of the whole mass in the two 
cases. 


Conclutlons. 

The photo-electric method has proved satisfactory for simple estima- 
tions of such coal fire smokes as described. The accuracy of the method 
is dependent on the uniformity of optical transmission of the filter paper, 
but with a reasonably good filter paper, and by using a scries of stains, 
the percentage error of estimation of cloud concentration should not 
exceed ± 5 per cent. 

For estimating atmospheric pollution, with the filter discs at present 
employed, the photo-electric method possesses no advantage over tl>e 
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visual method. The variations in the texture of the filter papers, and 
the presence of print, render the photo-electric method liable to error. 
With a more uniform filter paper, and a larger stain area, the photo- 
electric method might be used to advantage. 

Summary. 

A photo-electric density meter has been employed to determine the 
optical density of stains obtained by drawing known volumes of aerosols 
through restricted areas of filter paper. The relationship between the 
optical density of the stains and the mass of disperse phase in them has 
b^n determined gravimetrically, and a calibration curve obtained for coal 
fire smokes. The accuracy of the method is limited by the variations in 
the optical transmission of the filter paper, but an accuracy of estimation 
of cloud concentration of i 5 per cent, has been obtained by utilising a 
aeries of stains for each concentration. The method has been applied to 
the measurement ot the optical density of stains of atmospheric pollution 
obtained with the Owens* Automatic Recording Air Filter. The O^^^ens' 
shade numl>ers and the optical densities of the stains have been correlated 
and the limits of accuracy of the method have been found to be of the 
order of rt 1-5 standard shade numbers. A comparison with stains from 
coal hre smokes has indicated a similarity in the nature of the stains. 
Advantages and disadvantages of the two methods have been discussed. 


ON THE RATE OF CHARGING OF DROPLETS BY 
AN IONIC CURRENT. 


By N. Fuchs, I. Petrj.^noff and B. Rotzeig. 


Received 24th February^ 1936. 


The process of charging Iloating particle.^ by an ionic current, which 
plays a very import ;4nt rdlc in the electrical precipitation of smoke and 
dust, has been the object of a large amount of experimental and theo- 
retical work. This work, however, has been devoted almo.'^t exclusively 
to the study of the final (nuiximum) charge acquired by the particles 
in an ionic atmosphere as a function of their size, the applied field- 
strength, ion concentration, etc. The kinetic.s of the charging process, 
on the other hand, have been studied only * by M. Pauthenier ^ and 
by J. P. riotl.^ 

When the particle is so large that the effects due to diffusion of the ions 
towards the particle, and to mirror forces, can be neglected, the kinetics 
of the charging of a spherical dielectric particle can be expressed by the 
following equation ^ (assuming that each ion striking the surface of the 
p*articlc gives up its charge) : 



I -f 2 



TTiinc/ 
l -f- tr««€/ 


)• 


(«) 


• In the work of Arndt and Kallmann • we hnd an investigation of the last 
atage only of the charging process, when the final cliarge is pnu:ticaUy attained 
and the rate of charging becomes excec<imglv small 

* M. M. Pauthenier et M. Moreaju* Hanot. J, dt Physique, 193 J, J, 5t^>. 

* Pauthenier et Agfostini, CM,, 1034. IW* 7<>5« 

• J, P. Gott, Pr&c, Roy, Soc,, 1933. 
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where Q is the charge acquired by the particle in the time t, a the 
radius, k the dielectric constant of the particle, E the strength of the 
external electric field, n the number of ions per c.c., u tlieir mobility, and 
€ the electronic charge. For a conducting sphere, the expression 

j 

1 + becomes equal to 3. 

-f- 2 


Pauthenier and Agostini * proved the validity of equation (l) experi- 
mentally, using 3 to 4 mm. diameter steel balls, falling freely through 
a cylindrical electric precipitator, parallel to its axis. The field-strength 
was measured by these authors by means of an incandescent probe, 
w'hile n was calculated from the equation 


n = £/47rrc . . . . • (2) 


(r distance from the axis of the cylinder). This equation is well known 
to be valid for the space where the field-strength is constant. The vel- 
ocity of fall was determined by photographing the l)alls under intermittent 
illumination, <ind the charge acquired by the balls w'as measured by means 
of an electrometer. A ver\' close agreement between the theoretical and 
experimental values of the charge was found. 

In the work of J. P. Ciott * the ionic atmosphere was produced by 
means of X-rays, water drop.s oi 4-4 mm. diameter being used, and only 
the initial rate of charging wa.^ determined, 'fhe measurements were 
considerably less exact than in the work of Pauthenier, but nevertheless 
quite satisfactory results were obtained. 

For particles of the order of ifx radius and smaller (w hich it is especially 
difficult to precipitate in practice), the influence of diffusion of the tons 
;uui of mirror-forces may, however, be so considerable that eejuation (I) 
must be regarded in this case as giving only the lower limit of the rate 
of charging. The smaller the particles the larger will be the difference 
between the actual values of the charge and those calculated from (i). 

The theoretical calculation of the rate of charging, taking into account 
the two above-mentioned factors, seems to be exceedingly difficult. 
The difficulty is especially incre*ised by the fact that the particlrs under 
consideration are of the same order of magnitude as the mean free path 
of the ion^ An experimental stvidy of the kinetics of charging in this 
region of particle size is therefore indispensable. 

The ingenious metho<f employed by Arndt and Kallmann the 
direct charging of a droplet by ions within a Millikan ehambtr, pericKli- 
cally interrn{>ting the ionisation in order to measure the charge acquired 
meanwhile -allows the use of but relatively small field-.strengths and 
current-densities, i.e., of conditions widely differing from those used 
in industrial electric precipitation. We chose therefore another method, 
similar to that of Pauthenier. In this method, a narrow air-jet containing 
floating jiartK It s is passed along the axis of a precipitator and thereupon 
>iicked into an ultramic.ro.sropic cell, where the size and charge of the 
particles arc determined. We further used a cloud of uncharged droplets 
obtained by condensation of oil-vapours, thus avoiding the clurgirs 
produced on droplets by spraying. It is clear that the rate of charging 
of a particle in air of the same velocity m itself will be not different 
from the rate m still air. 


♦Arndt mid Kallmiinn. -if. rhy%%k, 1926, 423. 
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Experimental Entails. 

The general arrangement of the apparatus is shown in Fig. i. The 
cylindric^ precipitator BCB consists of three sections separated by thin 
insulating sheets. The outer sections, BB are earthed directly, while the 
inner section, C made of fine wire-gauze, is earthed through a sensitive 
galvanometer G. TT are insulating top-plates. The diameter of the 
precipitator is 31 cm., the total height is 37 cm., and the height of the 
inner section C is 7*2 cm. 

The negative discharging electrode D, made of a silver-wire 0*5 mm. in 
diameter, is fixed accurately along the axis of the cylinder BCB. The 
voltage is generated by a transformer connected with a kenotrone and a 
condenser of 3000 cm. capacity. As w'e used relatively small currents, of 



about 10 A, at voltages of aliKmt 30 KV, the smoothing etiect of the 
condenser was very high ; the perio%iic oscillations of the current, measured 
by means of an cwcillograph, did not exceed 3-5 per cent. 

The cloud-)ct let into and out of the precipitator through thm-w^alled, 
silver-coated and earthed glass tul>es ♦ J placed strictly ^ong the same 
axis. The distance from this axis to the inner walls of the precipitator 
is 0‘5 cm. From the tube J ' the charged cloud enters the ultramicroscopic 
cell K and can be stopped there without interrupting the circulation of 
the cloud, whidi is sucked into J' by means of the pump E. This pump 
at the same time blows the air through a cotton-wool plug L in the doud- 
producer N» which consists of a hollow ci>pper cylinder heated el^tricaliy 
and containing the oil (mineral oil with density 0*91 ). The hot air-stream 

•We could not find siifficientiy smooth and thin-walled metallic tubes of 
the required site. 
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saturated with oil-vapours mixes with the cold air flowing through the 
tube O. The cloud produced by condensation is thereupon diluted by the 
air flowing through P, in order to diminish the concentration of droplets. 
A large amount of oil condensing on the walls of the tubes is tapped ofl 
through Q. This oil was then used for the determination of the dielectric 
constant ♦ (2*56) and the density (0-895) the droplets. Varying the rate 
of flow in the tubes O and S and the temperature of the oil, we could obtain 
clouds of different particle size, with droplets ranging from 0*5^ to 3/4 
radius. The droplets settling on the walls of the tube J form an oil layer, 
which continually flows down and appreciably diminishes the width of the 
orifice. In order to prevent this, the lower part of the tube was con- 
structed as shown in Fig. i , The rate of flow in all parts of the apparatus 
was regulated with stop-cocks and measured by flowmeters FF, HH are 
air-buflers. and M — pressure regulator. 

A number of difliculties had to be contended with, in obtaining a steady 
narrow cloud jet having practically a constant linear velocity for a length 
considerably in excess of the diameter of the tubes J J Only in this case 
could the time of passage of the droplets tlirough the ionic atmosphere be 
determined with suflicient accuracy whilst, at the same time, the distortion 
of the electric field caused by the tubes could be neglected. 

It was found that, for each width of the jet, there exists a corrt»sponding 
optimal velocity of flow, at which the jet has the maximum of stability. 
At velocities considerably differing from the optimal, the jet breaks down 
at a very short distance from the orifice. We found, further, that very 
narrow jets widen, i.e., their linear velocity decreases markedly with the 
distance from the orifice. On the other hand, the scattering of the jet by 
the ionic current made it imfx>ssible to increase appreciably the length of 
the jet, i.e., the gap between the tubtrs JJ'. and therefore, as already said, 
to use wider jets. 

We finally chose a jet of 3-5 mm, diameter and a mean linear velocity 
of about 3 metres per second. I ndcr these conditions, the cloud jet, 
observed in the light of an arc-lamp, has sharp boundaries, and its width 
measured by means of a horizontal microscope remains con.stant to within 
2 to 3 per cent, throughout its length (5-2 cm.). This shows that the linear 
velocity remains constant to within 4 to 6 per cent The whole of the jet is 
sucked without loss into the tulie J' of a larger diameter (8 mm.) To 
prevent loss, the rate of suction must appreciably larger than the rate of 
flow of the cloud in J. 

It must be noted that there is a definite distribution of vek>citie.s witliin 
the jet, apparently similar to that of a Poiseuille's flow, but differing from 
it by the fact that at the boundary the velocity is not equal to zero. An 
experimental study of this distribution in such a narrow jet seems to be 
very difficult, and was not undertaken by us. Its general character can 
be Sfeen from the scattering of the measured values of charges about the 
mean values (cf. below). We limited ourselves to the determination of 
the average velocity from the rate of flow in the tube J and the cross- 
section of the jet. From this and from the distance lietwcen the tubes 
J J', we calculated the average time of passage of droplets through the ionic 
atmosphere with an accuracy of about 5 per cent., the chief error resulting 
from inaccuracy in measuring the width of the cioud-jet. The error re- 
sulting from the fact that a certain number of ions are sucked into the tube 
J', where they may also be caught by the droplets, must be exceedingly 
small, as a rough calculation shows. 

The jet is naturally made still less steady by the corona discharge, 
and is deflected from its straight path and dispersed sooner im stronger 
and stronger current densities. As it was impossible for the aforesaid 
reasons to shorten the jet appreciably, we were forced to use relatively 

• We are much indebted to Mr. V. Vassiljefl who made ibti determination 
for us. 
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small current-densities up to about lo-* A/sq. cm. The corresponding 
values of the held-strength and ion-concentration are looo V/cm. and 
3*5 X loVc.c. The deflection and spreading of the jet. resulting from the 
charges acquired by the droplets, limits the applicability of the method 
here described to a study of the initial stage of the charging of droplets in 
an electric precipitator, namely up to about J to J of the maximum charge. 

The use of small current-densities forced us to employ a precipitator 
considerably larger than the one used at the first stage of this work (12 cm. 
diameter) . W ith this we were obliged to have a potential on the discharging 
electrode differing so little from the starting ]^tential, that the slightest 
fluctuations in the line voltage caused a marked change of the ionic current. 

In the 31 cm. precipitator the constancy of the current was quite 
satisfactory. 

The ilensity of the ionic current passing through the cloud jet was cal- 
culated from the total current flowing through the inner section of the 
precipitator. In order to ascertain that the current density was constant 
throughout the circumference of the section, and not changed appreciably 
by distortion of the field due to the 
tubes JJ". a rectangular hole 5*2 cm. 
high and i cm, wide was made in the 
wall of the section C just opposite the /\ 

cloud jet. A plate made of fine wire- C 
gauze was inserted in tlie hole providing 
narrow air-gape between the plate and 
the wail. The plate vras connected with 
the galvanometer G. By measuring suc- 
cessively the current flowing through the 
whole sectiem and through the plate, w'e 
found that the ratio of these currents 
differed from that ot the corresponding 
areas by not more than 3 to 4 per cent. 

Thus the reliability of the current den- 
sity values, calculatefl as mentioned 
above, was proved. The accuracy of 
the current-tlensity measurements can 
also be considereti to have the same j io. 2. 

value of 3 to 4 j>er cent. 

Both the size and the charge of droplets were measured in the cell K 
by the photographic oscillation method worked out in this iaboratoiy* * 
as a development of an ingenious idea of Wells and Gerke.* The droplets 
are allowed to fall under the force of gravity and at the same time they 
arc compelled by an alternating electric field to oscillate in a horizont^ 
direction. Photographing the zig-zag paths of tlie droplets, we can first 
determine the size of the droplets from their rate of fadl, and then their 
charge from the horizontal velocity • {cf, Plate I.. representing one of the 
photographs made in this work). 

The construction of the cell xs shown in Fig. 2. it is made from a 
massive coj>per blcKk in order to avoid convection currents. A is the 
tUuminating objective. BB the electrodes producing the horizontal field. 
The cloud is lelT^n and out through the tubes CC. The adjustable spherical 
mirror D serves to reflect the illuminating beam back in order to aveud 
the photophoresxs of the droplets. The mean error in the determination 
of ciwge by this method is about 2 to 3 per cent, for droplets of radius 

• Fuchs uud Pttrjanofl. 1933. hg, 171. 

• Wells and Geike, J. Am^r. Ckem, Soc., 19^% 

• It may be mentiooed that m the work of Welb ai^d Gerke one of the mation- 
components was due not to grav but to convection or photophoresxs. Therefore 
these authors could determine the charges of droplets only if they knew their 
size beforehand, or vice versa. 
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> i/iandabout 10 per cent, for droplets of 0*6^ radius (due to the Brownian 
motion) , The error 
in determination of 
the siee is about 
three times less. 

A source of 
error in th^e ex- 
periments might be 
expected in the 
settling out on the 
walls of the tube 
J' of more highly 
charged pai^cles, 
due to mirror 
forces and to the 
mutual electro- 
static repulsion be- 
tween droplets. 

A rough calcula- 
tion showed, how- 
ever. that this cir- 
cumstance could 
not have any prac- 
tical signihcanc.; 
under condi- 

tions of our experi- 
ments. 

The same can 
be said about the 
effect due to a 
acreening off oi the 
ionic current by 
other droplets. As 
their concentration 
in the cloud jet was 
about 10 * per cx .. 
the area screened 
by the droplets of 
say radius in 
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-•4 = 0 015 sec. ; ) - 
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=. 3-4 X lo’/c.c. 


a cloud layer 3*5 ram. thick is only 

ft ^ (2 X 10 ■^)* \ 10 * 
of the total area. 
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Experlmental Results* 

Some of the results obtained in this work are shown in Figs. 3 to 5 
The curves arc plotted according to the equation 

-<?-(' + 

derived from (i) by substituting jjE for awe. {J =» current density). 
The values of t and j are shown below the figures ; is as large as 2*56. 
Taking for the mobility of the ions the value 175 cm./sec./X^cm. which 
gave the best agreement between the theoretical and experimental values 
of the field ^strength in the work of Pauthenier and Moreau- Hanot, ^ wc 
obtain from Townsend’s equation, 
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corresponding values of field-strength E and ionic concentration n. 
The error arising from the fact that E was not measured directly, but 
calculated, could not affect the results appreciably. If, for instance, 
we take for the mobility the value 1*9 instead of 175, the right side of 
the equation (3) w»ill be reduced only by i to 1*5 per cent. The charges 
acquired by the droplets in these experiments are about 0*2 to 0*3 of 
the maximum charges. 

The experimental points on each curve are taken from several (4*5) 
photographs. It was very difficult to maintain exactly the same values 
of ionic current and velocity of the jet in all experiments ; they varied 
as much as about 3 to 4 per cent. In order to be able to put all experi- 
mental points on the same diagram, the values of the charges were 
recalculated according to equation (3). 

The scattering of the measured charges about the mean values is due, 
as already stated to distribution of velocities in the jet, and for smaller 
particles, besides that to statistical fluctuations. 

As can be seen from the diagrams, the mean values of the measured 
charges lie satisfactorily on theoretical curv^es. It seems, how^ever, that 
the data so far obtained arc not sufficient to determine definitely how* 
exactly equation (3) holds for the smaller droplets of radius < ifi. 
The question w'ill be studied more carefully in this laboralorv' in the near 
future. 

It must be noted that the method described in this paper is not limited 
to relatively large particles, whose charge and size can be measured by 
the “oscillation “ or Millikan methods. By measuring the total charge 
of a cloud by an electrometer and determining the number of particles 
contained in it, we can measure the charging- rale of particles of any 
aero.sol. This can be accomplished also by measuring the mobility of 
the charged particles in an electric field provided their .size is knowm. 

The method described can be further used to obtain unipolariy 
charged aerosol with a considerable degree of uniformity of the charges, 
which is hardly attainable by other methods.’ 

Suramary. 

1. A method for the determination of the rate of charging of floating 
particles by an ionic current is described. It consists of passing a narrow 
cloudqet parallel to the ;ixis of a cyhndrical electric precipitator, and 
mea.suring the charges acquired by the particles in it. 

2. The experiments were made with oil -droplets ranging frr>m 0*5/* to 

radiu.s. The size and charge of the droplets were measured by the 

" oscillation " method. Current densities of about 3 to 10 x lo*^ A/»q, cm. 
and times of charging of about oxii to 0*02 sec., were used. 

3. A good agreement between the mean values of the measured charges 
and theoretical values calculated neglecting the effects due to diffusion of 
ions and to mirror-forces, w^as obtained for Uie whole range of sizes studied. 

We are indebted to the State Gas-Purifying Trust for fin^mcing of 
this work. 

Laboratory of Aerosols, 

Karpov* Instill of Physical Chemistry^ 

Mouow^ 

» Fuchs und Petrjanoff, Phya, Ckim. Acta of 1935, 3, 327, 



AN EXACT THEORY OF THE COAGULATION 
OF SPHERICAL PARTICLES ARISING FROM 
THERMAL AGITATION^ 

By W. R. Harpek. 

Received 6th March^ 1936- 

A general theory of coagulation must first deal with its most funda- 
mental aspect — the bringing together of the coagulating particles by 
thermal agitation. Comparison with experiment is then possible, since 
this simple mechanism is almost certainly adequate to account for the 
coagulation of smokes, and appears also to be adequate to account for 
the coagulation of some colloidal solutions. A theoretical treatment for 
spherical particles has been given by Smoluchowski,^ and his results 
confirmed experimentally by Tuorila, and by Patterson and Cawood. 
The present author however, has given reasons for doubting the validity 
of the interpretation of these experiments, and has shown that the 
theoretical treatment as presented l>y Smoluchowski is open to serious 
criticism, being sclf*contradictor\\ The coagulation coefficient was 
obtained by him by a consideration of the diffusion of particles in a con- 
centration gradient which was itself established by the coagulation 
process, and which was therefore not present previous to the coagulation, 
ue, not present during the motion which actually determined the rate of 
coagulation. Mis treatment might therefore very well give an incorrect 
value for the coagulation coefficient. Moreover, an alternative treatment 
of the Huthoris * (subsequently corrected * for a numerical error) gave a 
value for the coagulation twfficient which was three-quarters that ob- 
tained by Smoluchowski. I'hc maihcmaiical methods employed, how»- 
ever, being approximate, could only suggest, and not prove, that 
Smoluchow»ki\s result was numericAUy incorrect. 

The possible existence of a considerable discrepancy between theory 
and experiment at the verv basis of coagulation theory was a serious 
matter demanding further invt*stigation, and it was therefore important 
to determine the true theoretical value of the coagulation coefficient by 
a method at the same time both logically rigorous and mathematically 
exact. It is possible to improve the author’s previous treatment so as to 
conform to these siand;irds, and this will be done in the present paper. 
The result obtained is identical with that of Smoluchowski, 

It might therefore be thought to have been more satisfactory' to have 
attempted a reconsideration of Smoluchowski ’s own treatment, in the 
hope of obtaining it in a revised form freed from the objections already 
mentioned. The author hits made such an attempt. Further doubtful 
steps in the argument were thereby revealed, some being concerned with 
factors of two. At the same lime, it did appear that by presenting the 
argument in a different form, the coagulation coefficient could be made 
to depend on a calculation similar to that of Smoluchowski^s, and prob- 
ably leading to the same value for the coagulation coefficient. Hitiierto^ 

^Z^pkysik. 19x7*9^ x^ 9 - 
• Tfemt. Fmadoy Soc., 1934^ 

1139 


» / 6 id,. 1935. a». 774 * 



1140 THE COAGULATION OF SPHERICAL PARTICLES 

however, the author has not succeeded in obtaining this argument in a 
form exempt from criticism, so it will not be given here. 

The Collision Problem. 

If collision always leads to coagulation, the coagulation coefficient 
may be written down once the frequency with which particles collide is 
known. It is irrelevant for the purpose of the present calculation 
whether the collisions leading to coagulation are collisions with contact, 
or merely approach to within a certain critical distance. We therefore 
consider a system of points (the centres of the spherical particles) which 
move along tracks determined by random collisions with the molecules of 
the surrounding medium, and therefore by the laws of the Brownian move- 
ment, and which are said to be in a collision when they are within a distance 
a apart. They are contained in a volume which is very large compared 
with the probable path of a particle before it suffers a o collision, so that 
the collision frequency is the same as for a distribution of infinite extent. 
If the particles differ in size, we consider the frequency of collisions of 
particles of a certain size, characterised by centres with a diffusion 
coefficient D^, with particles of another size, characterised by centres with 
a diffusion coefficient D,, their concentrations being and 14 respectively. 
This collision frequency will be unaffected by the presence of the other 
particles if, as will be assumed, the particulate volume is large compared 
with the volume of a particle (or its sphere of action). 

We are dealing with relatively high concentrations, so a large number 
of collisions can occur before the concentration is appreciably affected, 
and the collision frequency must be calculated from what happens 
during such a time. The initial distribution of each set of particles in 
space is the distribution at any stage of the coagulation, and has been 
reached by the processes of diffusion and coagulation. The former leads 
to a random distribution, and the latter does not disturb it. But the 
distribution of one set of particles about any particle of the other set, 
averaged over all such particles, is not random, being disturbed by 
coagulation. This is because some particles of a random distribution 
are actually in collision, have therefore coagulated, and really belong to 
a set of particles characterised by another diffusion coefficient. They 
must therefore not be included in the averaging. This eliminates all 
particles of the second set which have particles of the first set closer to 
them than a distance a between centres. The required distribution of 
the centres of the first set about those of the second has therefore zero 
concentration up to a radius <7. The distribution of the particles of tlie 
first set about any eliminated particle of the second set is, however, 
random outside the radius a, from which it follows that the required 
distribution of the centres of the first set about those of the second has a 
uniform concentration of randomly distributed centres outside the 
radius a. 

We may take this initial distribution of centres and use appropriate 
equations of motion to investigate how long it will be on the averse 
before another collision occurs in the system, from which the collision 
frequency may be deduced. It is this method which leads to mathc* 
inatics similar to Smoluchowski's, but we shall not pursue it further, 
since it is not the most direct line of attack. The result obtained by 
following it through comes entirely from the initial slight deviation from 
a random distribution, and therefore depends on a logical subtlety, 
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since it is clear from physical intuition that the deviation is irrelevant 
in a direct calculation of the collision frequency, which depends on how 
quickly the centres move about, and on their average distance apart, and 
not on their precise distribution. That the precise initial distribution 
is not important will now be proved. 

In a direct treatment we have to consider each centre of the second 
set moving among the first set, calculate its probable lifetime before 
collision, and average over all the second set. This gives the probable 
lifetime of a centre of the second set, and hence the collision frequency. 
Now the departure of the initial distribution from a random one affects 
the average lifetime before collision in that some second set centres of a 
random distribution are excluded from the averaging, and to these 
centres belongs a probable lifetime which is shorter than the average for 
the random distribution. The true average is therefore longer than the 
average for a random distribution by an amount which is equal to the 
difference between the average for the actual distribution and average 
for the excluded centres multiplied by the fraction of the centres excluded. 
The former is of the order of magnitude of the true average, and the 
latter is equal to the fraction of the centres of the second set which are in 
collision at any time, which is equal to the volume of a sphere of action 
of the second set divided by the particulate volume for the first set, and 
this ratio has been postulated to be ver\' small. We shall, therefore, 
incur a negligible error by calculating the average lifetime on the assump- 
tion that the initial distribution is strictly random. This is actually the 
case for our two sets of centres if the sphere of radius a is a pure mathe- 
matical fiction, so that, on collision, interpenetration instead of coagula- 
tion occurs. Again referring to physical intuition, it is clear that the 
assumption of interpenetration will not affect the collision frequency, 
since its magnitude depends on how quickly the centres find each other, 
and not on what happens during a collision. We shall calculate the 
collision frequency for a system in which interpenetration occurs. 

In spite of what has just been said, it is clear that the rate at wdiich 
centres find each other is correlated with the time they remain within a 
distance a during an interpenetrating collision, and we shall now make 
use of this correlation. Con.sider any given large volume K, containing 
ftiV centres of the first set, each centre being surrounded by a sphere 
of radius a. Since the particulate volume is large compared wdth the 
volume of such a sphere, the spheres overlap to a negligible extent, and 
the fraction of the volume V occupied by them is ^na^niV jV = 

Now the distribution of the centres of the second set is purely random, so 
if we consider a particular centre of the second set, the chance that it is 
located in a particular volume inside V at any time is just the ratio of 
tliis volume to the total volume V, irrespective of the position or shape 
of the volume considered. The probability that the centre of the second 
set is in a collision with some centre of the first set at any time is therefore 
Another expression for this probability may be obtained from a 
consideration of the life histor>^ of the centre of the second set during a 
long time T. During this time, it suffers vjT collisions, where v,' is the 
collision frequency for a single centre of the second set. If the average 
duration of a collision is r it is in collision for a total time v^Tr\ The 
fraction of the time it is in collision is v^r\ and this is equal to the prob- 
ability of finding it in collision at any time. We therefore have 
5= v^r\ The collision frequency v' for the system is , and is 
therefore 
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We have now to resolve an ambiguity in the definition of the average 
duration of a collision. If we consider a centre which comes from infinity 
to collide with another centre, and then returns to infinity, it is clear 
that owing to the tortuous nature of its track it will, in general, approach 
to within a distance cr, and recede to a greater distance several times, 
thus making a multiple collision. Moreover, the multiplicity will be 
very high if the mean free path of the centre (between bends in its track) 
is small compared with a, as is tlie case in the present problem. But the 
probability of return to within the distance a is only appreciable if the 

centres have not 
separated to a dis- 
tance many times 
a, that is, if they 
have not been 
likely to have col- 
lided with some 
other centre. 
When, therefore, 
the first collision 
of a multiple col- 
lision is sufficient 
to lead to coagu- 
lation, the rest 
arc wasted from 
that point of 
view, and the 
multiple collision 
counts as a single 
collision.^ What 
we require, there- 
fore, is the colli- 
sion frequency in 
the sense of the 
number of differ- 
ent centres visited 
per second, and 
in calculating the 
value of r we 
must sum up all 
the individual 
times spent within 

the distance a that refer to the different collisions of a multiple collision. 

The Case of D, === 0. 

We shall consider first the case of D, = 0, so that only particles of 
the first set move. The procedure for calculating the average duration 
of a collision then reduces to the following, the details of which will 
perhaps be understood more clearly on reference to Fig. l , which is 
purely schematic. We take a sphere of radius a whose centre corresponds 
with the centre of a particle of the second set and is therefore fixed, and 
a set of tracks characterised by a diffusion coefficient Dy which start at 

* The situation is very different if collision does not invariably lead to co- 
agulation. See Fuchs. Z. physik. Chem., 1934, I71A« 199. 


i 9 



Fig. I . — ^AB and CD are tracks which are not members of 
the subset. EG and HK arc two tracks which are 
members of the subset, HK being a track showing 
multiplicity in collision. The contribution of these 
two tracks to the time average comes from the sec- 
tions within the sphere of radius a. i.e. from the 
sections of track which are thickened. The sections 
of track FG and J K are typical of tracks starting at 
F and J respectively. 
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random at infinity and return to infinity, and we consider the subset of 
those tracks which pass through the sphere. We add up the total length 
of track within the sphere, express it as a time, and divide by the 
number of tracks in the subset, thus obtaining r\ 

Now the subset is chosen from the set in the following manner. 
Starting at infinity at the beginning of a track, its course is followed. If 
it returns to infinity without passing through the sphere it is excluded 
from the subset. If it reaches any point on the surface of the sphere, it 
is immediately included in the subset. The sections of track in the 
subset which lead up to the sphere are therefore not typical of Brownian 
movement tracks starting at the surface of the sphere, since some of the 
tracks defined in this way would pass through the sphere, and the actual 
sections of track do not. But assigning a track in the set to the subset 
in the manner stated does not affect the completely random nature of 
the track once it is so assigned, so the sections of track in the subset 
executed after reaching the sphere are typical of Brownian movement 
tracks starting at the surface of the sphere, and moreover, they include 
all the track within the sphere, r may therefore be calculated as the 
average time spent within the sphere by centres starting at a point on its 
surface and moving along Brownian movement tracks to infinity. When 
adding up the total time spent by the centres within the sphere and 
dividing by their n amber, it is irrelevant which centre contributes which 
element of time, so wt may obtain the average from the distribution of 
the centres given as a function of the time, without having to follow the 
detailed history of the individual centres. The distribution function 
required is that for a set of centres starting together from a point at 
time t — 0, and then diffusing outwards, and is well known. 

If Q centres start from the point on the surface of the sphere, and at 
time / there are q(t) within it, then 

, I f* . 

' " gj. 

Now. the number of centres that are situated within a spherical shell 
defined by r and r + dr whose centre is the starting-point is 

2\Tt 


The fraction of these inside the sphere of radius a is equal to I /47r times 
the solid angle subtended by the spherical cap of intersection of the two 


spheres at the starting-point, and is 



The total number inside 


the sphere is therefore 

and t'=— 4sf f Ml ^\e ♦^‘'d/dr = 

4V?rJo Jo \ 20'/ 


3D1’ 


whence the collision frequency v' = 4im,n,oZ7, for D, = o, the value 
obtained by Smoluchowsla. 


The General Case. 

The earlier approximate treatment of the author gave reason to 
suppose that the collision frequency for both sets of particles moving 
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could not be obtained from the case of D, = o merely by substituting 

+ -Dj for D-i in the formula. It will now, however, be shown that an 
exact treatment does lead to this simple result. 

In calculating the average duration of a collision, we have now to 

allow for the motion of the centres of the second set, that is for the 

motion of the centre of the sphere of radius a, or what comes to the 
same thing, for the motion of the starting-point on its surface. The 
probability of a particular radial displacement of the starting-point is 
given by a distribution function of the same form as that used for the 

motion of the centres of the first set, but with replaced by D*. r will 

now be given by the same integral as before, but with q[t) appropriately 
averaged. This must be done by taking the number of centres of the 
first set which are within the sphere of radius a when the starting-point 
has suffered a given displacement, multiplying by the probability of the 
displacement, and integrating over all possible displacements. A 
detailed integration has been carried out along these lines, and leads to 
the conclusion already stated. It will, however, not be given here, since 
it is lengthy, and since the same conclusion can be reached by the 
following general argument. 

It is clear that the integral for r is correctly modified to allow for the 
motion of the starting-point if instead of expressing it in terms of the 
probability of a given displacement of a centre of the first set relative to 
a fixed origin, we use the probability of a given displacement of a centre 
of the first set relative to a centre of the second. It was proved by 
Smoluchowski ^ as part of his owm treatment that this probability is 
given by a formula w^hich is the same as the one originally used except for 
the substitution of 4" £^2 for This substitution will lead to the 
same change in the formula for r\ so the general collision frequency will 
be V '== ^rmin^a[Di + D^, 

Summary and Conclusions. 

It has been shown that whereas the criticisms advanced elsewhere by 
the author against the theoretical treatment of Smoluchowski remain 
justified, an exact treatment leads to precisely the same formulae, thus 
contradicting the indications of the author's previous approximate treat- 
ment. It follows that the theory of the effect of heterogeneity given by 
Smoluchowski requires no modification. 

The theory, however, is only applicable to spherical particles coagu- 
lating to give spherical pa^ticIv^s, and as pointed out in the author’s previous 
paper, a dep^ure from these conditions must lead to a marked change in 
the coagulation coefficient. The agreement between the calculated rate of 
coagulation for particles which co^esce on coagulation so as to form new 
spherical particles, and the observed rate for oleic acid smokes, must now 
he taken as showing that the different cohesive forces for different orienta- 
tions of the long chain compound do not have the result of deforming the 
droplets appreciably from the spherical shape, and that even if an adsorbed 
surface layer does prevent true coalescence on coagulation, yet the resultant 
complex droplet is deformed into a shape which is nearly spherical. The 
further agreement with the observed rate ot coagulation of stearic acid 
smokes must be taken as showing that the stearic acid is a super-cooled 
liquid in the early stages of the coagulation, even though it is solid in the 
later stages. It is unfortunate that experimental evidence is not available 
to check these conclusions directly. 

i/. H, Wills Physical Laboratory^ 

University of Bristol. 
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GENERAL DISCUSSION* 

Professor R. Whytlaw-Gray (Leeds) said : Experimental evidence 
suggests that the rate of coagulation is not greatly influenced by the 
shape of the particles. The constants for smokes of stearic and oleic 
acids agree closely with theory whilst that for ferric oxide of the same 
weight concentration is only 30 per cent, greater. When these smokes 
are allowed to coagulate until the particles are large enough to be seen with 
the microscope, the stearic acid complexes, though not truly spherical, 
are of a compact fonn, whilst those of ferric oxide are loosely built, chain- 
like structures, formed of units which appear like beads on curly strings. 

The difference in structure of the two types is striking and if the ultra- 
microscopic particles possess the same form as those of microscopic dimen- 
sions, it is surprising that the coagulation constants for the two smokes do 
not .show a greater divergence. 

It is therefore evident either that the form of the particles has a re- 
latively small effect on the coagulation rate, or that the ultramicroscopic 
particles even in a smoke like ferric oxide, with such a marked tendency 
to chain formation, are spherical in the early stages. Examination by 
X-ray or electron diffraction methods might enable the size of the units 
in these aggregates to be estimated and thus throw light on this question. 

Mr. W. Barrett (Getrard's Cross) said : In the equation dnjdt = — /Tn®, 
K has the dimensions of (frequency) X (volume). This suggests that 
there may Ixj a jundamcntal frequency, but nothing of the kind seems to 
appear, h'or purposes of extrapolation it would seem preferable to use the 
form dnldi — Kn\n — ijV) where V is the volume occupied by the 
smoke. The integral of this is 



which does not, as the classical equation, lead to a value less than unity 
for the total numt)er of particles at the end of infinite time. The curve 
is tangential to \ !n = Kt at the origin and asymptotic to nF =* i at 
infinity. 

Professor J. C. Philip (London) said : Is it not possible that the gap 
between the molecular state and that of the primary particles is asso- 
ciated with the high curvature of extremely small droplets (particles) and 
the correspondingly high vapour pressure ? 

Mr. A* G. Grant (communicated ) : Dr. Fuchs' paper is the only one in 
this section applying specifically to electrical precipitation phenomena, and 
I have endeavoured tf> compare the authors' results with values obtaining 
in full scale plant working 

The charging of a particle in an electric field is in effect the collection 
of electronic charges up to a saturation value determined by the dielectric 
constant and radius of the particle and the strength of the field. Millikan 
in his Oil Drop Apparatus has demonstrated that in a feebly ionised field, 
the rate of electron charge collection is relatively small, and in fact he was 
able to study the successive addition of small numbers of electrons. 

In the more strongly ionised fields obtaining in electrical precipitation, 
it has generally been assumed that a particle acquires its saturation charge 
in negligible time, this charge being given by the first half of expression (i) 
in the authors’ paper. The authors have now demonstrated that a measur- 
able time is required to reach saturation in accordance \^dth the correction 

applied by the expression 

In their experiments only 30 per cent, of the maximum charge was 
reached in the measurable time of approximately 0*02 seconds. It is to 
be regretted that they were not able to make determinations and to plot 

♦ On the three preceding papers. 

39 * 
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results for a wider range of times, as their work resolves itself into a single 
point determination — that is, we now know only that expression (i) is 
correct for complete saturation when the value of time is relatively great, 
and for partial saturation at the one time, 0*02 seconds. Nevertheless 
we can probably assume the validity of the time correction. 

Now, whilst in precipitation work, values vary over a wide range, 
I think we can take, as typical lower values, a field strength of a thousand 
volts per centimetre, and an ion concentration of 10* per c.c. These figures 
are respectively twice and ten times those used by the authors. We can 
retain their particle radius of the order fi. Inserting these values in their 
expression for particle charge, we obtain altogether higher degrees of charg- 
ing. For times of 0-5 seconds upwards, the departure from saturation is 
negligible. At 0*05 seconds the degree of saturation is 80 per cent. 

In precipitation work, I think we can say that 0*5 seconds is the lower 
limit for time of contact of a particle in the ionising field. In this time 
and for values I have just assumed, 97*5 per cent, of the maximum charge 
is acquired by the particle. It thus appears that the authors’ work in 
establishing the validity of the time correction has enabled us to show 
that in ordinary precipitation work the time factor can be ignored ; that 
the earlier assumption, though without justification, that precipitation 
calculations can be made on the basis of a fully charged particle, was in fact 
correct. 

I think an explanation is easy to find. The velocity of a particle in 
the electric field varies directly as its charge, so that a 50 per cent, charged 
particle will be precipitated in double the time required by a fully charged 
one. Thus time for removal is a function of charge, and charge is a function 
of time. Now since removal time is large, compared with the required 
charging time, it automatically follows that a field so designed as to remove 
the particle, will automatically give it its saturation charge. 

This paper is of very great practical value as being, to my knowledge, 
the first successful attempt to determine the time factor under controlled 
conditions, and 1 hope that my remarks will not be taken by the authors 
to imply that their w'ork has been other than constructive. 

Dr. N. Fuchs (Moscow) (communicated) : I cannot agree w'ith the objec- 
tions to the theoretical treatment of coagulation given by Smoluchowski 
which are put fonvard by Mr. Harper. I'he deduction of Smoluchowski 
can be presented in a form which does not require the explicit use of a 
concentration gradient,” attacked by Mr. Harper, and approaches the 
treatment given by Mr. Harper himself. 

Let W(x, y, 2, i) be the probability that a material point with co- 
ordinates X, y, 2, performing the Brownian movement will cross a certain 
immovable surface at least once during time /. Kholmogoroff ^ showed 
that W must satisfy the Einstein-Fokker equation 




DMV. . 


(I) 


In the case of a spherical surface with radius a, W depends only on the 
distance r between the material point and the centre of the sphere, and 
equation (i) takes the form 


n/2 W 




From the physical significance of IF(r, t) it is clear that IV (o, /) i w^hen 
f > o, and W (r, 0)^0 when r > a. The solution of (2) is therefore : 


W(r, t) = 


T - <r/2V'XM 



0 


( 3 ) 


^ Kholmogoroff and Leontowitcb, Physik, Z, Sovjetunion, 1933, 4, i. 
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We have thus obtained an expression for the probability that a material 
point (whose distance from the centre of a sphere a is r) will cross its surface 
at least once in time t. If at the moment t = o the spheres a are distri- 
buted at random with the mean concentration n, there will be ^nrhidr of 
them within a spherical shell defined by r and r -f dr, whose centre is the 
initial position of the material point, and the point will cross in time / the 
surface of as many as 

d/ = 4nW{r, t)nr^dr 

spheres. 

The total number of the spheres crossed will be : 


/ = 47rnjir(r, /)r*dr. . . . • {4) 

<r 

In unit time it gives * 

... (5) 

and that is exactly the equation obtained by Smoluchowski. It differs 

a 

from that deduced by Harper by the factor i -f which rapidly 

approaches unity The physical significance of this factor is obvious : in 
our deduction we counted only the spheres crossed by the material point 
the first time, and did not pay any attention to the subsequent crossings 
of the same sphere. At the i>eginning 01 the process the point is surround^ 
by those spheres which it has not yet crossed and, therefore, the number 
of registered crossings in unit time is larger than later on, when a certain 
stationary distribution of spheres, which have already been crossed, is 
established around the point. In the treatment given by Harper which 
is based on averaging the time spent by the material point withna a single 
sphere this circumstance is omitted. 

The deduction cited above shows that the theory of coagulation given 
by Smoluchowski is correct in all cases where equation (i) is valid, i,e, 
w’hen the radius of the particles is large in comparison with their ** apparent 
mean free path." * If this condition is not satisfied, a correction for the 
" concentration drop " at the surface of the spheres a, diminishing the rate 
of coagulation, must be introduced in the equation (5) . This drop is quite 
similar to the well-known temperature-drop and velocity-drop (slip) at the 
surface of small spheres in ga.scous media, and was taken into account for 
the first time by Townsend * in his theory of diffusion of ions towards small 
conducting spheres. For particles of 10 cm. radius this correction makes 
a difference of only few per cent., but for 10 -• cm. particles it is already 
very considerable,* 

In reply to Mr. Grant (communicated) : I must emphasise, that our 
work is substantially a further development of the excellent work of M. 
I^uthenier and co-workers cited in our paper. 

The chief result obtained in our laboratory is that the charging-equation 
derived and experimentally tested by Pauthenier over a wide range of 
time remains exactly valid for small particles. Although this result was 
obtained for a small range of time (o-oi-o o2 sec.) only, there remains little 
doubt as to its applicability over the whole range of the charging. 

On the other hand it seems that the applicability of Pauthenier’ s 
equation to small particles ('^ifi) is limited to comparatively large values 
of the field-strength as us^ in electric precipitators. In a weak field 
the effect due to the diffusion of ions can by no means be neglected. 

* Smoluchowski, Annul. Physik., 1906, ai, 769. 

^ Townsend, FAectricity in Gases, Chapter 6, 1915. 

* Fuchs, Z. physik. Chem., 1934, 171 ♦ 199. 
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Dr. W. R. Harper (Bristol), in reply (comm%micated) : I may appear 
to be excessively insistent on mathematical rigour, but there is go^ reason 
for it. In developing my own treatment a certain step in the argument 
seemed mathematically obvious not merely to myself but to others whom 
I consulted. Moreover there was a proof to justify it. Nevertheless it 
subsequently appeared that the proof was faulty and that what had seemed 
obvious required changing by a factor of two. I conclude that the result 
of any treatment is only to be trusted when obtained by flawless reasoning. 

Doubts of this nature concerning the treatment of Dr. Fuchs restrained 
me from taking the initiative in discussing it, but 1 would now say that his 
treatment seems to me to be perfectly rigid with one proviso and one 
exception. The proviso is that the treatment be presented as a calculation 
of the collision frequency in a system of interpenetrating spheres as in my 
own treatment, and subsequently applied to the actual coagulation problem 
w'ith the justification therein given. We can then choose one centre out 
of the system and follow its track from / - o to f =- 00 , calculating how 
many .spheres it intersects per second, and avoid having to picture it as 
pos.sessing the incompatible properties of being able to collide w^ith a 
number of spheres without changing its identity, and becoming a different 
particle after each collision. It is ensured that multiple collisions are 
counted as single by working with the probability that each surface is 
crossed at least once, and by neglecting the initial part of the solution. 
A comparison of the initial form with the ultimate form of the solution now 
shows that the multiplicity of a collision must be infinite, it being 
presupposed however that the mean free path of the centre is infinitesimally 
small, its track velocity being of course infinite to give a finite diffusion 
coefficient. 

The apparently innocent assumption that IV (o, /) ~ i for / > o apjx'ars 
to me to require proof, and this is not given in the work of Kholmogoroff 
referred to. For it to be correct, a centre starting infinitely near a plane 
surface cannot move to a finite distance from the surface without crossing 
it at least once, and it w'ould seem pre-supposed that the mean free path is 
to be taken as an infinitesimal of the second order, since w'e are considering 
Brownian motion and not a phenomenon de|>endent on track velocity. 
We may magnify the picture and conclude that the assumption is only 
correct if a centre starting at a finite distance from an infinite plane surface 
and executing Brownian motion wdth an infinitesimally small mean free 
path cannot move to infinity without crossing the surface. Whether or not 
this IS so, seems to me to be by no means obvious, but it must be so since 
Dr. Fuchs and I obtain the same value for the coagulation coefficient, 

I cannot admit that the treatment of Dr. Fuchs disposes of my objec- 
tions to the treatment of Smoluchow’ski — I w'ouid say rather that it avoids 
them. It is difficult to decide from the original papers of Smoluchowski 
just what significance he intended to be attached to his mathematics, but 
from the formulation in the Zeitschrifi fur Physikalische Chemie, it scews 
clear that the colloid particle is to be regarded as analogous to a large sphere 
on which particles of vapour are being condensed, in which case the ob- 
jection that the colloid particle has coagulated before even the establish- 
ment of the boundary conditions w'hich lead to the solution of the problem 
for the large sphere can be made precise, and is surely valid. 1 now see 
however that this objection and others can most simply be met by again 
presenting the mathematics as a derivation of the collision frequency for 
a system of interpenetrating spheres and then applying the result to coagula- 
tion with the appropriate justification, instead of presenting it as a direct 
calculation of the rate of coagulation. We choose one sphere out of the 
system at time f = o, and calculate for all subsequent time how^ many 
censes cross its surface per second for the first time. This clearly gives the 
collision frequency for the sphere if multiple collisions are counted as single 
collisions, except that the initial part of the solution must again be ne- 
glected because we are then counting some collisions which really belong to 
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time previous to < = o. Smoluchowski's method of calculating the number 
of first arrivals is of course to solve the diffusion equation with the appro- 
priate initial conditions and the boundary condition of zero concentration. 
He justifies this on the ground that it works for the particular case of a 
plane surface, from which one may conclude that he regarded it as plausible 
but unproven that it is correct in the general case. It may however be 
proved in the following way : Consider any initial distribution of centres 
in space situated on one side of any closed surface. It is required to find 
the mean number of centres that will have crossed the surface at least 
once in time t. This is equal to the number that would have been removed 
from the distribution if the surface annihilated them on arrival. The anni- 
hilation may be carried out by creating a negative centre when and where 
a (positive) centre arrives at the surface, but otherwise allowing both sets 
of centres to diffuse unimpeded by the surface. The distribution of both 
positive and negative centres is governed by the diffusion equation, so 
the actual distribution of centres (with annihilation at the surface), being 
the difference between these distributions, is also a solution of the dif- 
fusion equation. That it is the solution with concentration at the surface 
put equal to zero follows from the fact that if it were not, there would be 
maintained a concentration discontinuity at the surface (the concentration 
inside being ex hypothesi zero), which would result in an infinite rate of 
removal of centres from the distribution, and this could not be maintained. 

The treatment of Smoluchowski can therefore be presented in a mathe- 
matically rigoroiis form leading to the usual result. It can, moreover, be 
transformed into my own formulation, thus providing a cross check. We 
may therefore conclude that there is now no doubt whatsoever about the 
value of the coagulation coefficient. 


INTRODUCTORY PAPER, PART L(b) THE GENERAL 
PROPERTIES AND BEHAVIOUR OF DISPERSE 
SYSTEMS CONSISTING OF AQUEOUS AND 
OTHER VOLATILE PARTICLES, i.e. MIST, 
CLOUD, HYGROSCOPIC NUCLEI, TOWN AND 
COUNTRY FOGS. 

By G. M. B. Dobson. 

Received i^th March, 1936. 

Meteorological Aspects. 

1 have been asked by the Council to give a short introductory talk 
on the meteorological aspects of Dust, Smoke, and Fog. I think that 
it will be best if 1 try to give a very brief r6sum6 of our knowledge of 
this subject at the present time, and thereby to reveal where our ignorance 
is greatest and where more work is particularly wanted. 

'With regard to atmospheric haze and fog — whether in country or 
town — the main physical principles appear to be known, but there is 
much that requires further elucidation. In clear air, free from fog, 
there are always present a large number of minute particles, some of 
which are hygroscopic, while others are not so. In country districts, 
particularly near the sea, the hygroscopic particles may be largely sea 
salt derived from sea spray, while in towns, those due to combustion of 
fuel, such as droplets of H^SO^, will probably outnumber the others. 
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It has been suggested that nuclei are formed by sunlight, but this does 
not seem to be certain. 

These hygroscopic particles will condense upon themselves an 
amount of water depending on the relative humidity of the surrounding 
air, until they are in equilibrium and their vapour pressure is equal to 
that in the air. Their size will thus vary with the relative humidity, 
while their number remains constant. Thus the visibility will depend 
on the relative humidity as was shown by Aitken. On the other hand, 
the non-hygroscopic particles will remain constant in size and add an 
amount to the haziness which is independent of relative humidity. 

Many of these minute particles can be seen in the ultra-microscope 
(possibly all, if the illumination be good enough), and if arrangements 
be made to saturate the air and cool it by a slight expansion, the con- 
densation of water upon them is immediately seen. The particles 
are clearly of all sizes, and so far as I have seen, most of them seem to 
have water condensed on them at a supersaturation of i or 2 per cent, 
forming droplets. An estimate of the size of individual particles can 
be made from the magnitude of their Brownian motion. The particles 
appear to have a radius of a few times cm. The smaller particles 
therefore scatter light to an extent which depends on the inverse fourth 
power of the wave-length of the light and on the sixth pow'er of the radius 
of the scattering particle. (Owing to this sixth power law, the smallest 
particles are very difficult to sec in the ultra-microscope and, judging 
by the brightness, the particles appear to vary in size more than they 
really do.) On the other hand, the larger particles scatter all wave- 
lengths alike, hence the increasing whiteness of the sky in hazy conditions. 

When the humidity approaches saturation, a large amount of water 
will condense on the hygroscopic particles, their equilibrium being 
governed by the opposing effects of surface tension and osmotic pressure. 
If these two alone determine the size of the drop, it must pass through 
an unstable size, and as the relative humidity increases, it would slowly 
grow, and at some point suddenly jump to a much bigger diameter. 
There are, however, tw^o other things of which we must take account, 
firstly the removal of water vapour from the air by condensation on 
the drop, and secondly the effect of latent heat of water. It can be 
shown that if the initial hygroscopic particles are sufficiently large and 
numerous, the effect of the removal of water vapour may prevent any 
unstable growth, while the effect of the latent heat set free, must tend 
to prevent any sudden condensation. 

That only a small number of the original nuclei grow into fog droplets 
during a fog, is easily seen in the ultramicroscope, where the relatively 
large fog droplets are seen like brilliant stars filing across the field of 
view, and at the same time a far larger number of the minute particles 
are seen, such as are present wffien there is no fog. This, of course, is 
what theory would lead us to expect, as the largest hygroscopic particles 
would first grow into fog droplets, and, only after these w^ere removed, 
would the smaller particles increase greatly in size. This should make 
us reflect whether we are making the best observations for meteorological 
purposes if we measure the total number of hygroscopic particles present 
in the air as we do with the Aitken Counter. Should we get a more 
useful measure for meteorological purposes if we counted only the 
number of particles wdiich condensed water sufficiently easily to form 
nuclei for fog and rain drops ? This number is probably much smaller 
than the number counted by the Aitken apparatus. The difficulty 
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would be that there are probably particles of all types present in any 
sample of air, forming a continuous series, and we should have to draw 
some arbitrary line between those that readily act as condensation 
centres, and those which require some considerable supersaturation. 

It is clear that the relative humidity must be approximately 100 
per cent, in a fog, but it is not certain whether it may be a little above 
or below this value. From the effect of surface tension we should expect 
it to be slightly above lOO per cent, but it seems possible that the drop- 
lets and nuclei may be cooled by radiations slightly below the tem- 
perature of the surrounding air, so that they will be in equilibrium at 
a relative humidity slightly below^ lOO per cent. 

The processes taking place after the fog has formed, are not entirely 
clear. If the hygroscopic nuclei are of such a size that there is an 
unstable period in their growth, and if cooling continues slowly in air 
already at lOO per cent. R.H., one would expect the excess water vapour 
to condense out on the existing droplets, so that these would increase 
in size, but there would be little increase in the number of droplets, 
unless those initially formed had fallen out of the air. On the other 
hand, if the hygroscopic nuclei are so large and numerous that there 
is no unstable period in their grow'th, the larger ones might become 
stable, and condensation occur on those slightly smaller. Which of 
these represents the facts in nature I do not know^, possibly one in clean 
country air, and the other in towns. Certainly as a fog gets thicker, 
the number of droplets appears to increase. 

It has been stated that the sizes of fog droplets fall into definite 
groups, so that those of one group may be explained as due to the com- 
bination of two drops of a group with smaller size. Again measure- 
ments have been given showing that while drops of all sizes within a 
wide range are present in any fog, there is in any given fog a particular 
radius wdiich is most common, and that this radius is always a whole 
multiple of a certain value. Before the meteorological world will accept 
any of these views, they will clearly require many more observations. 

The fog droplets being of the order of a few microns in radius, scatter 
all wave-lengths of light alike, hence the sun seen through a country fog 
appears white, and it i^ only in a town fog where there may be a large 
number of minute particles in addition to the water droplets, that the 
sun may appear red m a fog. This shows that the benefit to be expected 
from coloured lights when driving in a fog is negligible. 

It seems probable that electrical conditions have no appreciable 
effect on the equilibrium of fog particles. That mobile ions are caught 
on the fog droplets is well known, the conductivity of the air thereby 
being greatly reduced, causing the great increase in the electric potential 
gradient usually observed in a fog. 

The conditions when a fog evaporates, will be largely the reverse of 
those when it forms, except for two things. Firstly as we have already 
said, the temperature of the particle may not be exactly that of the 
surrounding air, and secondly, in towns, the solution of SOg in the fog 
droplets and its slow oxidation into SO# may lead to the evaporating 
droplet being a dilute solution of H2SO4 when the droplet will be stable 
at a lower relative humidity than that at which it was formed. There 
seem to be few observations to guide us here. 

I would call the attention of workers in this field to the value of 
observations made with ultra-microscopic methods. These may be made 
either in small glass cells as described by Professor Whytelaw-Gray or, 
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for use in the free air, they may be much larger. It is quite possible ta 
arrange an intense beam of light with suitable diaphragms, so that the 
light scattered from the beam by pure dust-free air can be seen. In 
such an apparatus the small particles present in non-foggy air are seen 
and their rate of growth with increasing relative humidity can be studied. 
The advent of the new high pressure mercury vapour lamp shortly to- 
be placed on the market, should make the ultra-microscopic method of 
much greater value still. A great advantage of the ultra-microscopic 
method is that the particles and droplets are studied with the minimum 
of alteration from their natural conditions, and each particle can be 
dealt with separately, without making any assumption that all particles 
are alike. 

Passing to the removal of particulate matter from the atmosphere^ 
presumably washing out by rain, plays a large part, but our knowledge 
is very scanty indeed. For instance, is the removal due to the washing 
action of rain as it falls through the atmosphere or is most of the par- 
ticulate matter brought down by rain caught at the moment of condensa- 
tion within the cloud } 

We are equally ignorant about the distribution of particulate matter. 
Thus, how does the pollution produced by a town fall off with distance 
from the town, under different conditions ? 

Finally, what is the effect of particulate matter in the atmosphere 
in cutting off sunlight and daylight ? Particularly what is its effect 
within large cities ? Is the decrease of light approximately the same 
for all wave-lengths, or are there sufficient very small particles in city 
air to make the reduction of the short wave-lengths much greater than 
that of the long wave-lengths ? Measurements have shown that ultra- 
violet light may be reduced at the centre of a town, to half the intensity 
of that received in the suburbs, but such measurements are unfortunately 
few, and these frequently refer to one band of wave-lengths only. 

The discussion of these matters now to take place, is certain to be of 
great interest, and I hope, will act as a stimulus to still further work on 
the subject, which is really one of extraordinary importance to the 
community as a whole. 

Oxford. 


THE NUCLEUS IN AND THE GROWTH OF 
HYGROSCOPIC DROPLETS. 

By Hilding Kohler (Uppsala). 

Received 6th April, 1936. 

The nature of the nuclei of which a cloud is really formed can best 
be investigated through the droplets of which the cloud is composed. 
Such an investigation generally presents great difficulty. After long 
microscopic investigations I proved that the ice which, in fog, is deposited 
on mountains as frost is formed through the undercooling of water 
droplets. The difficulties have thus been reduced to an analysis of such 
masses of ice. 

Since the investigations of Melander and Liideling it has been sup- 
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posed that sea-salts can serve as nuclei of cloud condensation ; that this 
must be the case has recently been proved by J. H. Coste and H. L. 
Wright. 

From 1919 to 1923 (independently of earlier suppositions) I carried 
out (on the Haldde) analyses of hoar-frost for chlorine content, on the 
supposition that sea salts were nuclei of cloud condensation, and at the 
same time measured the size of the droplets in the fog from which it was 
deposited. 

A. Chlorine. — Generally about 2 kg. of hoar-frost, collected with pre- 
cautions against contamination, were evaporated to 100 c.c., and the 
chlorine content determined by Mohr’s method of titration. 

B. The size of the droplets in fogs or clouds was measured optically. 
A projector with an arc-lamp and a parabolic mirror sent parallel rays to 
the observer 6r*8 m. away. The coronae in the space-grating formed by 
the droplets were measured. From the radius of these coronae the radii 
of the droplets were measured according to the well-known formulae : — 

_ 1*220 . A ^ 2*233 . A _ 3*238 . A 

2 sin 2 sin d, ’ 2sin^,' 

where B is the angular radius of the first (Bi), second { 6 ^) and third ( 6 ^) 
coronae, measured at the outer line of the violet colours, and A is the so- 
called “ wave-length of white light ” (0-571/*). The clearness of the coronae 
depends on the homogeneity of the cloud. If a certain size of droplets 
sufficiently outniimlK*rs all others wg get measurable coronae. The more 
homogeneous the cloud, the clearer are the coronae, the more distinct 
the limits ; with a preponderance of drops of a certain size very distinct 
limits are observed. 

Lichen spores were used to give frequency curv^es of different standard 
degrees of deviation grouped around an average size. Measurements of 
the corona* given by these spore clouds showed that the spores had di- 
mensions which corresponded with a great accuracy with the average 
values microscopically measured.* If the standard deviation was great 
(as for instance in the case of purchased Lycopodium spores), the coronae 
became pale and indistinct, since the wdiite colour is dispersed over the 
different colours, although even in this case the measurements of coronae 
gave the size of those spores which are present in the greatest quantity. 

By measurements of corona in fogs there t5 thus obtained, the size of those 
droplets which are in the majority within the field of observation. If very 
dissimilar droplets are present to the same extent the coronae become very 
indistinct ; according to my experience this is often the case with low- 
land fogs, and sometimes occurs also in clouds and mountain fogs. No 
coronae*. at all may arise, if the fog is sufficiently inhomogeneous and no 
one size preponderates. A single well-performed measurement of coronae 
gives a more reliable value than several millions of measurements of separate 
droplets. 

Results. 

1. The most commonly occurring chlorine content was about 3-5 mgm. 
per litre of melted ice. It is very remarkable that other concentrations 
could, within the limits of error, be written 3*595 x 2*, where /> is a whole 
number, positive or negative. The highest and lowest concentrations 
were 56 33 and alxmt 0*067 nigm. per litre respectively ; although the latter 
value is uncertain on account of the latrge experimentad errors (amounting 

^ Hilding Kdhler, Vber die Chlorverteilung und die Tropfengruppen im Nebel 
und uber Farhenbertchnung der Krdnee im weissen Lickte nebst einigen kritischen 
Bemerkungen der Koagulationsiheorien der Nebeltropfen, Arhiv for Matematik, 
Astronomi och Fysik, K. Svenska Vetenshapsakademien, 24 A, No. 9. 
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to 50 per cent.) at such low concentrations. On the presumption that all 
sea salts are present we get the concentration of these salts per litre of melted 
ice (according to Knudsen) on multiplication by i’8o5. 

H. Israel * has found almost the same proportion of chlorine in rain, 
viz., 3*42 mgm., and, thus, 3*42 x 2*'. The fact that the concentration of 
chlorine in rain-drops diverges only very slightly from the concentration of 
the droplets in fogs and clouds, the mass of which is about a million times 
smaller, is of great importance. 

Analyses of chlorine content in rain-water carried out over the period 
1870-86 by Kinch,* gave the following results : — 

Average of 16 years, 3*81 mgm. per litre. 

„ „ 12 „ 3-36 mgm. per litre. 

There is therefore no essential difference between the concentration of chlorine 
in the rain-drops and in the fogs on the level of the Haldde. 

On the other hand, my own analyses on the Sonnblick, and similar 
analyses by Lipp and Lauscher on the Zugspitze and the Sonnblick/ have 
shown that the concentration of chlorine in fogs decreases with the height. 
Rain generally falls from clouds lying at about the level of the Haldde 
(914 metres above sea-level). We shall explain later the reason of this 
decrease of the concentration of chlorine with the height above sea-level. 

2. The measurements of the droplets gave an average size of r ^ 8*86/i. 
According to theoretical investigations,* supported by the experimental 
observ’ations of L. F. Richardson,® a systematic error of, at most. 4 per cent, 
may attach to this value. Sometimes the size of the droplets changed 
unduly during a series of measures, and frequently the average value 
varied from series to series. When frequency curx^es were drawn for the 
series of measurements there were always, however, ma.Nima at certain 
droplet sizes. The relation between those radii which gave these maxima 
could be expressed as r = Z? . (B — 8-82!, where n had whole (either, 
positive or negative) values. I therefore, for all separate measurements, 
calculated n also. This value (8-82) of B was obtained direct from the 
frequency curves. Frequency curves of n w^ere drawn for all the measured 
series and from these it was clear that there is only one maximum, .so long 
as the standard deviation of n is less than or equal to 0*19. With few 
exceptions these maxima were in the neighbourhood of values of wiujle 
numbers of n (or more exactly n -r 0*019 ± 0*0050). There further ap- 
peared such single series as n -f- 0*426 ± 0*0134. Frequency curves w*ith 
a greater standard deviation always showed ma,xima close to these values 
of 71 . although the radii of the dnjplet.s often varied from 3 fi to 25 fi. 

I therefore made statistical examination, partly to examine the reality 
of these maxima, and partly to calculate more exactly the values of «. 
Thti.^ this ivork ivas not carried out in order to prove any particular hypothesis. 
1 have never fnade any hypothesis of the size distribution of the , droplets. 
The separate mea.surcmcnts in the single series (o < 0*19) grouped them- 
selves round the average values of the whole numbers of n (or n 4* 0*445 ± 
0*0070) according to normal curves with a — 0*173. This standard de- 
viation is greater than that of the errors of measurement, which is on an 
average a -- 0*053 0*131 for n === 6, to 0*029 for « = — 5). 

Hence it follows that the size of droplets present in preponderating pro- 
portions hi the clouds changes, and that other sizes are found than those which 
give the maximal frequency. 

Series including 2 to 4 maxima were also statistically w^orked out, 
and it was found that even these gave normal curves. We then calculated 
A , (the measurements grouped round the whole n, which we now call the 

® Bioklimatische Beibldtter, Heft. 2, 1934. 

® /. Chem. Soc., 1887, 92. 

* Jahresberichie der Sonnblichverelns, 1931 and 1933. 

® 'The Brown Corona and the Diameter of Particles," Quart, J, Roy. Meteor 
Soc., 19-25. 5 »» I- 
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3-groiip), and A , (the measurements round n + 0-445, which we now call 
the 2-group). The figures for n and a and the relative number A , expressed 
as a pefrcentage of the number of measurements, were : — 

The y group. The 2-group, 

n : w 4“ o*oi8 ± 0*0053 ^ + 0*452 ± o*oo8i 

A : 62*7 per cent. 37*3 per cent. 

a : 0*177 for both groups. 

From all these measurements (which contained series with up to 15 
maxima), we calculated by another method the percentage distribution, 
viz. : — 

The ygroup. The 2-group. 

60*4 per cent. 39*6 per cent. 

The distribution of the series earlier calculated being : — 

The ygroup. The 2-group, 

6r*9 per cent. 38*1 per cent. 

The two being in unexpectedly good accordance. 

If the masses of the droplets was then calculated, it was found that 
these could be wi itten in the proportions 2 : 3 : 4 : 6 : 8 : 12 : 16 and so on. 

In this mass series, 2 * 2" corresponds to the droplets in the 2-group 
and 3 X 2* to the droplets in the 3-group. It has later been found that 
two other groups probably exist, corresponding to the figures 5 and 7 in 
the above-mentioned mass-series. The complete series can, then, be 
written : 2 : 3 : : 5 ; 6 : 7 : 8 : 10 : 12 : 14 : 16 and so on. 

These results are empirical and valid for mountain fogs and clouds ; 
if they are wrong there must be some unknown error in the method of 
measurement. Recently Xiederdorfer « has found in rain, by quite another 
method, the same mass distribution as is given in the above-mentioned 
series. The results obtained by Findeisen ’ and Hageman • are valid for 
lowland fogs and are obtained through measurements of separate droplets. 
This method of measurement, which (in regard to droplets in fogs and 
clouds) has been previously compared with the optical method of measure- 
ment, cannot be compared in regard to reliability. 

I cannot yet offer any explanation of the classification of the groups of 
droplets and quantity of chlorine. It has, however, been necessary to 
give an account of these facts in order to make this description com- 
prehensible. 

The Thermodynamics of the Condensation on Hygroscopic 

Nuclei. 

Taking the average values of 3*595 mgm./l. chlorine and radius of drop- 
lets 8*86 /i, we proceed, as in a previous paper,® where r was taken as 8*82 fz. 
On the supposition that all sea-salts are present in the nucleus, it is 
calculated that a nucleus of dry sea-salts has the mass of 1*847 x gm. 
I here take gm. as mass unit and make aj® = 1*847. As the 

quantities of chlorine in the frost are distributed in the proportion 2^, 
the masses of the nuclei must also stand in the same relation. 

Instead of r I here use n a.s a variable which varies continually. If 
8*82 fz = 8*82 X 10*"* cm. *= we then get r = B . 2**^*. 

• Met. Z., 193^. 49 » I- ’ beitr., 1932. 35. • Ibid., 1936. 46, 

* Hilding Kdhler, Zur Thermodynamik der Kondensation an hygroskopisehsn 
Kemen und Bemerkungen uber Zusammenfliessen der Tropfen, Meddelande frdn 
Statens Meteorologisk-Hydrografiska Anstatt, 3, No. 8, Stockholm, 1926. 
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TABLE I. 


From this it follows that p — n ^ L determines the concentration 
of the droplet. At a certain value of L the concentration is invariably 
independent of p and «. Table I gives concentrations expressed in gm. 

of salt per looo gm. of solution at different 
values of L. 

The total quantity of water in a liquid state 
in the weight unit of air depends, not only on 
the concentration of the droplets, but also on 
the number of nuclei, if every nucleus becomes 
the centre of a droplet. This number N is of 
great importance for the understanding of at- 
mospheric condensations. 

We now calculate, in terms of the whole 
quantity of salt being NaCl (since the chemical 
constants of this salt are well known), and on 
the supposition that the same laws apply to 
the small volumes, with which we are dealing, 
as apply for larger volumes. Now, a salt in 
water lowers the vapour-tension, but the latter 
is higher above a convex than above a plane 
surface. The specific volume v* of a droplet 
witli the radius B . 2” ® and with salt nucleus 
can be wTitten 




Concentration gm , 
per 1*000 gm. 

17 

529*3 

16 

326-3 

15 

184*6 

M 

98*8 

13 

51*2 

12 

26*1 

II 

13*2 

10 

6*61 

Q 

3*31 

8 

1*66 

7_ 

0*831 

'’1 



5 1 


Then 



halve 

'J 




V = 


I + . S* . 


where S* is a constant, equal to 2*483 X lO”'®. If NaCl has a constant 
dissociation of 75 per cent., the vapour tension ti above a plane solution 
surface can be expressed as : — 

_ I - . g,® . 2^~^ 

* — €| . gj® . 2 ^-^' 

where = 9*930 X I0~^, cj = 1*149 X I0"~®, and the pressure of a 
saturated vapour. 

The vapour tension above a droplet of radius r = B . 2"^* of this 
solution is : 

I 1 . 2.5.1^' 

log^-Iog^,+ 


where is equal to the gas constant of the water-vapour (4706*91), 

T is the absolute temperature, and 

5 is the capillarity constant, which is a function of temperature and 
concentration as follows : — 


where 


s — .9q(i — bT) 4- 

Sq = 1*1683 X 
b = 1*2518 X io~*, 
r = 8*4 X I0-®, 

9.960 X io~’. 


€ , (Xi^ . 2^^ 

I — )8® . g^* . 


In order that a droplet of solution shall remain unchanged in the 
atmosphere, the vapour tension above it must be equal to the pressure 
of the vapour in the atmosphere. In Fig. i the vapour tension above 
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droplets at different values of a® at different concentrations is shown for 
T ^ 273. It will be seen that the vapour tension first increases with 
decreasing concentration, passes a maximum and approaches asymptoti- 
cally the pressure of the saturated vapour. The maxima of the vapour 
tension become more and more pronounced the smaller a® is. If many 
unequally large nuclei appear in the atmosphere, it follows that on 
condensation a selection must take place so that, at first, droplets which 
have been formed on the larger nuclei pass maxima, at which moment 
droplets on smaller nuclei must evaporate until their vapour tension 
balances those droplets which have been formed on the larger nuclei. 
This theoretical result corresponds wholly to the fact that the concen- 
tration of Cl in the droplets decreases with the height, as shown by 
Lauscher and Lipp.* 

If the sum of the vapour and water absorbed by the hygroscopic 
nucleus is AT, the solution droplets must have a vapour tension equal to 
the vapour pressure prevailing in the air ; the quantity of vapour x is 
calcul^ited from 

x = K -- HI , 2*»(i + . 8® . 2 -^^), 

where A/ ~ iV . . 7 r{ 8 ‘ 82 )® X I0“'* 


and N ■■= the number of droplets in I gm. of air condensed on the nucleus, 
aj* . 2 ^ and 8® ha /e the same values as before. N is very large ; the larger 
it is the more quickly x approaches zero. 

The latent heat of condensation A for the solution droplets can easily 
be calculated : 


A 


at[r,t 


c) log e 




'b log 
bX } 


where A is Joule^s equivalent. The middle term in the brackets can be 
neglected in comparison with the others. From Clapeyron’s formula 
for the latent heat of evaporation of water, 


Ao 


= A . 


b log e 


we get >- 


. . 2 , A . T* .v' _ 

A Aq 4 " Q 2W/3 ’ bT\T) A,Ri.T,x 


b log e 
bx 


In this expres.sion the second term is always negative. The third term 
is negative, if e increases with decreasing at, which is the case before the 
maximum of vapour tension has been reached (see Fig. i) ; this term is 
greater than the second, so that within this interval 

A !> Aq. 


After the maximum has been reached, the third term is positive but, 
since the second term is always negative, it follows that within this 
interval 

A <c Aq. 

Without detailing the calculations we can now see how far the droplets 
increase on nuclei (which we regard as droplets of a more or less concen- 
trated solution of salt) if a quantity of air is adiabatically cooled. 

If a quantity of heat q is added to the system of droplets-water- 
vapour, this heat is used partly in heating the system and partly in 
evaporation of droplets, according to the formula 

q = CdT + Xdx, 
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When the entropy is a whole differential we get 

where F(7^ = isT or the whole quantity of water of the system, so long 
as the specific heat of water is regarded as independent of the temperature 
and equal to unity. 

We write the change of entropy 

\t ^ const. == S[nT) + const. 



If these processes take place in the atmosphere, the corresponding 
expression for the changes in the air must be added to this equation : — 

= Cp log T — AR log (P — ' + const. 


where P = total atmosphere pressure and Cp =. specific heat of dry air 
at constant pressure. 

Treating the laws of Boyle-Mariotte-Gay Lussacs as valid for both 
water-vapour and air we get, if the specific volume of the air is : — 


from which it iollows : — 




e\ e 


X . 






R 
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Through the setting-up and combination of the two systems we get 
finally : — 

1 = S{nT) + Cp log T — AR log e — • AR log ^ — AR log x -)- const, 

where e is both the partial pressure of water-vapour in the air and the 
vapour tension of the droplets. The variation of with temperature 
is obtained according to the formula : — 

— 60-49228 — — — 5-8691014 log r. 

If the system works under adiabatic conditions == 0. The con- 

stiuit is determined by the initial conditions. The value of N, which 
states the number of particles per gm. of dry air is of great importance 
to the calculations, 
as also is the choice 
of a*. We have 
chosen N in the 
following way : 
is the number of 
particles if 
Then, N ^Ni X 2^ 
if a* = X 2 -^ 
and iVj = 2 X 10® 
corresponds to 
258*6 nuclei per c.c. 
of air, a very small 
number which may 
be increased a hun- 
dred or a thousand- 
fold. The first 
fundamental ques- 
tion may be for- 
mulated as follows: 

Why is the num- 
ber of droplets in 
fogs so much 
smaller than the 
number often meas- 
ured with Aitkens’ 

Nucleus Counter ? 

Fig. 2 shows how the droplets increase (assuming continued conden- 
sation) if the initial concentration is expressed by p — n 17, and 
N has the values shown, the initial temperature being 273 and P — ^ 
being initially 760 mm. The first part of the curve is uncertain as not all 
the NaCl is dissolved until at about p — n = 15-3. Thus for p = — 3^ 
n = — 18-3. The increase is shown in Fig. 3 for the initial temperature 
T — 283, In both figures n is abscissa and T — 273 ordinate, and the 
atmospheric pressures are also shown. 

It will be seen that the increase occurs very rapidly after that the 
maximal vapour-pressure has been reached. Further, the size of droplets 
at a certain temperature decreases with N, We caimot see so clearly 
that, after having reached a certain size, the size of the droplets can 



Fig. 2. 

I : a* = . 2-* N = lo* . 2^® per gm. of air 

11 : = JV io‘ . 2» „ „ 

III : a® = . 2-^ AT « io» . 2* „ „ „ „ 
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no longer be doubled through continued condensation. We have re- 
ferred to the last value of n, which is obtained through continued con- 
densation as “ the last whole n.” This value varies with N, The greater 
N is, the smaller the whole n becomes. 


-Z6 -Z¥ -22 -20 -tS -76 -7¥ -72 -70 -6-6-0 2 0 *2 



a» » 

I : AT = 8 . lo* II ; A = lo® III : N = lo* . 2 “® per gm. of air. 

TABLE II. 


» 1 

a» 

«* «!* . a 


<X* «i «j* . ; 


j ot» — 

at* ■■ flfi*. 

<xio‘) 

V 1 

1. 

22 

Concentration 
of Cl. 
(gin./l.). 

Final Tempera- 
ture. 

4 ) 

*3 

A 

ie 

1* 

4 » 

(2 

Concentration 

Cl. 

2 

K 

H 

-3 

a 

IZ 

3 

» 

2S 

V 

|2 

1 - 

1 

c 

& : 
II 

1 

1 

1* 

Concentration 
of Cl. 
(gin./l.). 

1 

H 

1 

2 

i 





1 




-fi 

i-7«8 

253*7 

8 










— I 

7*190 1 

253*7 

16 







— 2 

' i- 7'»8 

253-9 

— 2 

14-38 

253-7 








-4 

7190 

; 253*9 




123 ' 




--5 

1798 

254 -*J 

-5 

14-38 

| 253‘9 




512 




-7 

7*190 

254*2 







1024 

- 7 

0*899 

21 1*0 

-8 

14-38 

| 254*2 







4096 

~ 9 

3-595 

211*0 



1 




1 



8192 

— 10 

7190 

1 

211*0 

1 


1 





i 



In Table II are expressed the values of the last whole w, the concen- 
tration of chlorine in these droplets and the temperature T which this n 
reaches if the initial temperature is 273 and the initial concentration can 
be expressed by — n = 17. From this table it follows : — 
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1 . If a® = aj* the droplets can, through condensation, change to 
n =s 4 “ I, corresponding to r = 1 1 - i i fi \f the number of nuclei N per gm. 
of dry air is 2 X lo®, corresponding to the low number of 258 per c.c. of 
air at 0® and 760 mm. Through want of vapour the mass of the droplet 
cannot later on be doubled. If the number of nuclei is 16 X lO® per gm. 
of dry air or 1064 per c.c., the last whole n cannot on the same nucleus 
exceed — 2, corresponding to r = 5*56 /li. On increasing N the greatest 
whole n decreases, as is seen, to very small figures. 

2 . The concentration of chlorine at these last whole n is that which has in 
fact been obtained on analysis of hoar-frost. 

3 . The greater N is, the more the air must be cooled before the last 
whole n is reached, the higher the air thus must rise, before this n is 
reached ; thus the concentrations of chlorine due to condensation we 
have found are reached. 

4 . The greater N is, the higher the concentration of chlorine is, when 
the last whole n is reached. At a certain value of N the concentration 
decreases with a®, but the last whole n remains the same for different 
a®, as long as N is the same. If the initial temperature T is 283, the last 
whole n is only one unit greater. There is no essential difference in the 
results obtained, if the initial temperature is varied. 

It follows th?^^ these solution -droplets, if accompanied by a rising 
quantity of air, cannot reach the size of raindrops, the masses of which 
are one or several million times larger than the droplets corresponding 
to the last whole n calculated here. 

Moreover, the concentration of chlorine in raindrops is the same as in 
the droplets in fogs and clouds, which are millions of times smaller. 
From this it follows that raindrops never arise from condensation of the 
droplets in fogs and clouds ; if this were the case the concentration of 
chlorine must of course be enormously small, on the assumption that 
chlorine salts are nuclei. Even the droplets in fogs and clouds cannot 
be obtained through direct condensation, since the concentration of 
chlorine is independent of the size of the droplets. The increase must take 
place so that the concentration remains constant. 

From the circumstance that droplets, formed on different a® at different 
vapour tensions and sizes, pass the maximal vapour tension, it follows 
that at first larger nuclei come into action and then smaller and smaller. 
A selection of nuclei takes place. In consequence of this and of the results 
found in the table, the concentration of chlorine must decrease with the 
height above sea-level. This has been confirmed by the analyses of 
Lauschcr and Lipp. We conclude finally that the number of droplets 
in fogs and clouds is much smaller than the number of nuclei obtained in 
Aitkens’ Nucleus Counter. This also points to the fact that increase 
in dimensions of droplets of any particular size must take place other- 
wise than through direct condensation. Their size must be independent 
of the concentration. This increase in number perhaps causes that 
distribution of groups, of which we have spoken above. 



THE NATURE OF THE DISPERSOIDS IN 
COUNTRY AND TOWN AIR. 

By J. H. Coste. 

Received I2^th March, 1935. 

If the atmosphere consisted only of the mixture of gases known as 
air, conditions on this planet would be very different from what they 
now are. The characteristics of the air as we know it are largely deter- 
mined by the very small proportion of solids and liquids which form vast, 
or merely large disperse systems, in it. 

Of these disperse systems some are natural and of meteorelogical 
significance, whilst others which may or may not be of similar significance 
are the result of human activities, which they, in turn, may greatly 
affect. The former class are mainly systems in which water is the major 
constituent of the disperse phase, whilst the latter are more varied in 
character. The great dilution of most of these systems, together with 
the low density and viscosity of the medium, makes investigation difficult, 
and the systems themselves unstable. The most obvious visual means of 
investigation have given us classification of clouds, based on Luke 
Howard’s nomenclature, an international scale of visibility and various 
more or less satisfactory methods of gauging smoke density for the 
purpose of administering very difficult Acts of Parliament. 

Ions and Nuclei. 

The study of the conduction of electricity through gases has shown 
that charges are carried by {a) “ small ions ’* which behave as if they 
were aggregates of up to 30 molecules (of something) carrying one elec- 
tronic charge, and by {b) “ large ** or Langevin ions, similarly charged, 
but consisting of about a million molecules. The radius of small ions 
varies from about 3 to lO X io~® cm. and of the Langevin ions from 
I0“® to io~* cm., but there is no sharp division, it appears probable that 
large ions are Aitken nuclei {c) which have captured small ions and 
thereby become charged. Aitken nuclei, whether charged or uncharged, 
have a mean radius something under 5 X I 0 “* cm. 

J. J. Nolan and P. J. Nolan ^ have described a new method of counting 
small ions which, they claim, yields results with ease and accuracy. 
Large ions can be determined by differential counts with Aitken’s counter, 
with and without a condensei to remove charged nuclei (ions). Scrase • 
has recently investigated the Aitken counter, in which the number of 
hygroscopic nuclei is determined by counting the drops falling on a 
graticule after the adiabatic expansion of a determined volume of air 
saturated with water vapour. Aitken ® at first (1879) believed that the 
hygroscopic nuclei thus counted were dust particles, and continued to 
call them so after he had realised that they were droplets of unknown 

^ J. J. Nolan and P. J. Nolan, Proc. Roy. Irish Acad,, 1935. 43lA, 15-19. 

• F. J. Scrase, Quart. J. Roy. Met. Soc., 6lt 367-79. 

* J. Aitken, Coll. Set. Papers, 1923. 34-74, 
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composition. On this point, M. G. Bennett ^ says “ As to the source of 
the nuclei, there are two obvious possibilities — the sea and chimneys. 
No doubt the sea provides most of the nuclei operative in genuine sea fogs, 
and chimneys are able to provide all the nuclei required for town fogs ; 
but the main source of such nuclei in country air is still a matter under 
discussion. . . N. Fuchs ® also refers to the lack of knowledge of 

the nature of large ions : — “ Die einzigen bisher untersuchten amikros- 
copischen Aerosole waren die sogenannten Langevinschen lonen, d.k, 
geladene Teilchen von ganz unhestimmier Natur'" There is undoubtedly 
much evidence supporting the view that many of the nuclei found in 
air everywhere are the result of the evaporation of droplets of sea water 
projected into it by breaking waves and whirled over the earth by the 
action of winds. I have repeatedly found chlorions in water condensed 
from London air and, although these may in part have resulted from the 
volatilisation of the chlorine often found in some form (not, apparently, 
invariably, as chlorides) in coal, the sea seems a more prolific source. 
Rain water, each drop of which had its origin in a nucleus, seems in- 
variably to contain chlorions,* as does river water, even in upland and 
mountainous districts. The water of rivers fed by tropical rains, ^ which 
usually fall in larger drops than in temperate climates, contains a less 
concentration of chlorions than that of European rivers,® where small 
raindrops may be considered as more concentrated solutions. The 
chlorion content of the Thames ® (before it is contaminated with sewage, 
which raises the chlorion concentration) is of the order to be expected 
from the composition of the rainfall and subsequent evaporation. 
Further, Koliler® has analysed the saline content of both clouds and 
rime (derivatives of nuclei) in the Arctic circle, and based a theory of 
condensation on the contents of chlorides. 

An argument for this theory can be based on the better agreement of 
the chlorion contents of the rain collected in two deposit gauges a few 
yards apart at Kew Obsers^atory, as compared with other solid con- 
stituents, but this does not necessarily mean that the halogen is derived 
solely from the sea, since it is probable that the chlorine content of fuel 
may account for great part of it. In some tentative exeriments I have 
not so far been able to detect bromine, which constitutes about 0*5 per 
cent, of the halogen content of sea water, in the Kew deposits. 

H. L. Wright and I have investigated the artificial formation of 
nuclei by burning various fuels {e,g. pure alcohol) in an enclosed atmo- 
sphere freed from pre-existent nuclei and from sulphur dioxide and other 
acid gases, and by the electrical heating of metal [e.g, platinum) sur- 
faces, and found that formation of nuclei occurred. Of the hypotheses 
which may be advanced in explanation, the only one which appears to 
cover all the facts is that droplets of nitrous acid are formed from con- 
stituents of the air under suitable conditions of temperature, since this 
was detected and many nuclei found in the atmosphere after the experi- 
ments ; nitrous acid was also found in the condensates. Fuming sulphuric 

• M. G. Bennett, Quart, J, Roy, Met. Soc., 60, No. 253, '* Some Problems of 
Meteorology, 114-25. 

‘ N. Fuch,s, Acta Physicochimica U.R,S,S„ 3, 1935, 61-78. 

« *' The Investigation of Atmospheric Pollution/’ D.S./.J?. Annual Reports, 

’ C. M. Tidy, J, Chem. Soc,, 37, 274. 

• Reports of Director of Water Examinations, Met, Water Board, 

• H. Kdhler, Gerl, Bett, Geophys,, i93i. 168-86. 

»• J. H. Coste and H. L. Wright, Phil. Mag,, 7, 20, 209-34. 
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acid and sea water were found to be active producers of nuclei when 
sprayed into air, whilst other liquids were relatively feeble producers of 
nuclei. G. B. Courtier and I have also found sulphuric acid in the 
condensate from London air which had been freed from sulphur dioxide. 
We therefore believe that although sea water is the chief constituent of 
nuclei in nature, most of the nuclei produced in civilised countries by the 
fires, furnaces, etc., associated with human activity are droplets of 
nitrous acid, some sulphuric acid probably being formed also. The 
formation of sulphuric acid in air containing sulphur dioxide gas with 
nitrous acid, partly in the gaseous phase and partly in droplets seems 
inevitable, but a study of sulphuric acid dispersoids in air by N. Fuchs * 
shows that combination occurs easily between droplets, so that a limiting 
concentration is easily reached beyond which the aerosol becomes 
unstable, and deposition on surfaces (leading probably to corrosion if 
they are metallic) occurs. Whether this is the correct, or at least a 
partial explanation, is difficult to say, but the concentration of sulphuric 
acid is very small, of the order of i per cent, of that of sulphur dioxide, 
in air. 

Further work with Wright * has shown that nuclei in London 
air may contain the nitric and ammonium ions, as well as those already 
mentioned. In each case the ions identified were found in condensates 
from air freed from sulphur dioxide. The known properties of solutions 
show that any soluble and hygroscopic substance in moist air is likely 
to yield Aitken nuclei, although at lower tensions of water vapour some 
solutes will be more effective as drop-formers than others. 

The concentration of nuclei in air varies very greatly, but the number 
per c.c. is generally much less in country air than in that of towns. The 
concentration over the sea is also usually low. A few figures from various 
sources will show this. Table I. : — 

TABLE I. 


Observer. 

Place. 

Number of Nuclei/c.c. 

Aitken. 

Top of Rigi. 

210 to 3,450. 

et 

Cannes. 

1,550 to 150,000. 


Mentone 

1,200 to 5,000. 


Lucerne. 

616 to 23.000. 


Kingairloch. 

205 to 3.100. 

99 

Ben Nevis 

333 to 473. 

9 9 

Rankin (quoted by 

Garelochhead. 

16 to 7,600. 

Aitken), 

Ben Nevis. 

7 (not unusual). 

Aitken. 

London (garden). 

48,000. 

,, 

,, (Victoria Street). 

150,000. 

,, 

Paris (streets). 

()2,ooo to 260,000. 

Thellier. 

*» 

3,500 to 260,000 
(average 62,500). 

Coste and Wright. 
1935-36. 

London (County Hall). 

99 $9 

23,000 to 200,000. 


Wright (Fig. i) has found a small seasonal variation in the number 
of nuclei in the air at Kew, the minimum occurring in the summer 

J. H. Coste and G. B. Gjurtier, Paper No. 23. 

* Unpublished, 

H, L. Wright, Quart. J. Roy. Met, Soc,, 1935, 6l, 71-80 ; and Geophys, Mem.^ 
No. 57. 
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months June to August. He also found a distinct decrease as the day 
advanced from nine hours to fifteen hours. Mm. Thellier in Paris ^ also 
found nuclei “ beaiACOUp moins nomhreuses Vapres-midi qi4£ le matin'^ but 
observed no marked seasonal variation. 

Aitken pointed out that what he called “ purifying areas ” existed 
“ where most clouds are formed and most rain falls.” In four of these 
areas he found in the years 1889 to 1893 the lowest number of “ particles ” 
in the air coming from 

Mediterranean. Alps. Highlands (of Scotland). Atlantic. 

891 381 141 72 

the averages for these localities being 
1611 

Over the narrow 
English Channel (pre- 
sumably between 
Calais and Dover) he 
found 7000, but 
Bennett states that 
” the numbers of large 
ions and Aitken nuclei 
at sea (about 200 per 
c.c.) are very much 
less than over land.” 

The mean mass of 
a nucleus is less than 
I X 10““^* gm. J. J. 

Nolan and V. H. 

Guerrini have re- 
cently found that the 
radius of the nuclei 
in Dublin air is 
2*85 X cm. and 
their mass i *68 X lO”^® 
gm. The mass of the 
nuclear content of the 
air, even when the 
number is up to 
l0**/c.c., is of the 
order of io~® of the 
water content of 
saturated air. 

Fog and Cloud are derivatives of nuclei, formed by condensation 
on them of water vapour. M. G. Bennett ^ gives the limits of radius of 
fog droplets as from 4 X lO”* cm. to 3 X I0~® cm., with velocity of 
falling from 0-2 to li cm. /sec. and of cloud drops an upper limit of 
I X 10"* with a velocity of falling of I 2 I cm. /sec. remarking ”^it is seen 
that a small fog droplet falls so slowly that it may be regarded as almost 
permanently suspended, and even in the case of a large drop, a current 

O. Thellier, Comp* Rend., aoi, 348-50. 

J. Aitken, Coll. Sci. Papers, 397-9* 

J. J. Nolan and V. Guerrini, Proc. Roy. Irish. Acad., 1935, 43A, 2’5-24. 
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Fig. I. — Seasonal variation of dust particles^and nuclei 
at Kew, 1928-30 (Wright), 



Ii66 THE NATURE OF THE DISPERSOIDS 

of air rising with quite a reasonable velocity would be sufficient to 
maintain it at a constant height.** 

When air contains, besides natural dispersoids, tarry or sooty 
particles, coalescence occurs to a greater or less extent and, since fog is 
usually associated with still air conditions, the concentration of smoky 
particles becomes very high and the fog assumes the yellow to black 
hue well known to dwellers in large towns. Since most fuel contains 
sulphur, the concentration of sulphur dioxide and to a less extent of 
sulphuric acid becomes high, and the fog is irritant as well as dark. The 
variation of sulphur dioxide and black suspensoids during the fog of 
23rd December, 1935, in London, is shown for part of the day in Fig. 2. 
With a temperature inversion over and around a large city the combined 



Fig. 2. — Owen’s filter shade and SO, at County Hall, London, during foggy day, 

23rd December, 1935. 

result of this and the heating effect of many warmed buildings may cause 
an overhead fog with darkness but reasonable clarity in horizontal 
directions. Professor Firket will speak on the effect of such a sulphurous 
fog in the Meuse valley. 

Rain Drops as the ultimate derivatives of nuclei, may reach a radius 
of about 0*27 cm. (approximately the maximum calculated from the 
surface tension of water against air), and fall through air with a terminal 
velocity of about 800 cm. /sec. Even such a large drop must spend a 
considerable number of seconds in falling from a cloud to the surface of 
the earth, and smaller drops spend much longer. During its fall, a 
drop is likely to become associated with other dispersoids in the air, and 
Dr. F. J. W. Whipple and I have found * that rain water collected 

• Unpublished, 
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in a clean vessel contains appreciable amounts Qf salts and of insoluble 
matters. Some portion of the salts is accounted for by the hygro- 
scopic nuclei on which drops form, but insoluble matters can only 
be derived from suspensoids in the air. The fact that considerable 
amounts of soluble and insoluble solids are found in water collected in 
deposit gauges used for investigation of atmospheric impurity * can 
hardly be adduced as proof that rain itself actually contains other non- 
aqueous matter than is derived from nuclei, since some may have been 
washed from dust falling into the gauges in dry periods, but all the 
matter collected in these gauges is derived from dispersoids in the air, 
and it may amount during a month to kilogrammes per square dekametre. 

The nature of this solid matter (some of which is undoubtedly proper 
to the nuclei) is investigated, in a limited way, under the scheme of the 
Atmospheric Pollution Committee, the deposits of soluble and insoluble 
matter being determined and separated into tar, carbonaceous matter 
other than tar, sulphates, chlorides and ammonia. I have found on 
microscopical examination of the insoluble matter collected in London 
deposit gauges : spheres of fused matter — some glassy with gaseous 
inclusions, some opaque and light coloured with a waity surface, as if 
bubbles of gas had reached the periphery and burst as the mass solidified, 
some of magnetic iron oxide, others of coke, sintered sausage-shaped 
particles also evidently formed at a high temperature, coal, charred wood, 
textile fibres, plant hairs and other vegetable tissues, sand mostly from 
quartz, less often from flintf and occasionally scales of lepidoptera. 

The Finer Solid Dispersoids of Air can be determined with reason- 
able accuracy by dust counters of which the Owens jet instrument ® and 
the thermal precipitation instrument designed by Whytlaw Gray and 
Green ® are the most efficient, or by Owens* air filter,® wffiich is applicable 
only for black (soot) particles, in which the stain on paper through wdiich 
a known volume (usually 2 litres) of air has been filtered, is compared 
with the stain produced by a known mass of carbon. An interesting 
investigation was carried out by H. G. 1 . Robins in the country around 
Norwich, and the results were discussed by Professor David Brunt,^® 
who found {inter alia) that “ the pollution is greatest in winter, least in 
summer, and intermediate (and equal) in spring and autumn,’* and 
** reaches an approximately steady value, showing no further diminution, 
at a distance estimated at 4 miles in spring, 5 miles in summer and 
autumn and 6 to 7 miles in winter.** Brunt also concluded that the 
cloud is effectively 4 or 5 miles wide at 3 miles from the city. As it is 
at least 2 miles vide initially, this result is not surprising.” 

The quantity of dispersed matter collected on the cover glass of a 
dust counter or the paper of an air filter is too small for ordinary micro- 
chemical analysis, but 1 have qualitatively examined stains filtered on 
ashle.ss paper from several cubic feet of air in the manner suggested by 
G, M. B. Dobson. 

Talcium carbonate and sulphate were found, in addition to soot and 
tar, in stains obtained by Dobson at Oxford, and kindly placed at my 
disposal ; no free acid was found by him when the stains w^ere fresh, but 
the presence of calcium carbonate and sulphate accounts for this, as 
calcium carbonate is likely to be present in air in amount enough to 
neutralise any acid droplets which come in contact with it, and which 
are most probably present, though, as Courtier and I show in another 
paper, only in very small amount. 

D. Brunt, The Invest, Atmo, Poll, iph Report, 50-58. 
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Living Matters. 

An interesting and important group of suspensoids found in air 
comprises living and dead organisms and organic structures. Bacteria, 
moulds (spores), spores of ferns, pollen grains and infusoria in the lori- 
cated state may fairly be considered as dispersoids, but it would hardly 
be legitimate to include seeds with pappi or winged animals. 

Bacteria and moulds in air have been investigated by many workers, 
but the subject has received no systematic attention. My colleague, 
Dr. J. Graham Forbes, F.R.C.P., examined the bacterial and hypho- 
mycete content of the air of the London tube railways,^’ and with the 
exception of one or two pathogenic species of aspergillus among the 
moulds, no definitely pathogenic organisms were identified out of the 
large number of colonies examined. W. F. Wells has studied air borne 
infection.^®. 

Interesting proof of the distribution of fern spores in air can be seen 
in the growth of ferns in the neighbourhood of the electric light bulbs 
lighting the Cheddar caves and Kent’s Cavern at Torquay. I found an 
interesting case of air-bome vegetable suspensoids at Arcachon. The 
streets were strewn, in places where dust could collect, with a bright 
yellow, sulphur-like powder ; it was also on the sands of the seashore. 
Examined microscopically, it w^as indistinguishable from the pollen of 
pintis maritima^ grown in the forests along the Basque coast for the 
production of turpentine. The appearance of growths of protococcus 
viridis and, rarely, of the red variety hamococcus in any stagnant water, 
whether in a waterbottle or a roadside puddle, and on the bark of trees 
is evidence of its widespread occurrence in air, and of the readiness with 
which it will settle out under quiet conditions. 

Hygroscopic nuclei and the finer dispersoids, sooty or otherwise, are 
found in greater quantity in town than in country air. This is only to 
be expected, since the higher numbers are always associated with fire, 
which is a relatively rare phenomenon in nature. An exception should, 
perhaps, be made of volcanic districts, but I have found no observations 
on this point, except the ascription of various phenomena to the dust 
projected into the air in the Krakatoa eruption. The few' specimens of 
Krakatoa dust which I have seen were very coarse, and could not have 
remained in the air for long. 

The relatively large vegetable suspensoids may mostly be derived 
from country sources, but few observations of atmospheric impurity 
have, it seems, been made on country air, compared with the large number 
on towm air. I hope in the near future to be able to work on country 
air. It may, however, be remarked that the leaves of plants in towms 
are usually covered with dust (largely of the kind associated with 
chimneys), whilst leaves in the country (now that our roads are no longer 
dusty), are seldom obviously dusty. 

Characteristic Town Suspensoids, above the dimensions of nuclei 
and soot or dust-counter particles (from, say, i to 1000 p) mostly result 
from combustion of solid fuel, and consist of silicates (if from industrial 
furnaces usually spheres, showing complete fusion of the fuel ash, or 
sintered particles) with particles having the characteristic foam structure 
of coke and sometimes covered with minute spheres of ash.* Ash from 

J. Graham Forbes, /. Hyg., 1924, 22, 

W. F. Wells, et al, Amer. /. Hyg., 1934, 611-18 ; ibid., 619-27. 

♦ If combustion had gone on further, they would cither have coleseed or 
become free spheres ; domestic fires, on the other hand, where the temperature 
is lower, yield a flaky or shaly ash. 
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pulverised fuel furnaces, usually consists of spheres which are often 
hollow, or at least contain gas inclusions, although long sintered particles 
are sometimes seen. This hollow form causes them to have a lower 
apparent density than would be expected of silicates,^® but grinding in an 
agate mortar will bring up the density and show “ postage stamp 
fractures *’ where bubbles of gas have been broken. It is rather remark- 
able that pulverised fuel ash often contains a very appreciable proportion 
of unburnt coke. Another characteristic constituent of ash from high 
temperature furnaces is magnetic oxide of iron in spheres or sintered 
fragments ; they contain ferrous and ferric iron, and are readily mag- 
netised. That this has been fused indicates a temperature of about 
1600® C. 

Some notion of the nature of the coarser dispersoids falling through 
the air can be gathered from examination of the insoluble matter collected 
in the standard deposit gauges. Those in the London parks collect 
spheres, indicating industrial pollution, with coke and amorphous or 
laminar “ ash,*’ probably from domestic grates, some coal and charred 
wood from the same source, textile fibres, with vegetable hairs and 
tissues of horticultural origin. The Kew deposits are more definitely 
horticultural and domestic, with small spheres, few in number, due to 
industry’. AM contain quartz sand. Leaves from a marsh around a 
power station burning pulverised fuel showed lodgements of spheres 
along the midrib, some of magnetic oxide, whilst leaves from Teddington 
Railway Station were covered with ferric oxide with some spheres ; the 
ferric oxide I attribute to the erosion and corrosion of the live rails of 
the electrified system ; few steam train.«! pass through this station. Dust 
collected from leaves and from a raised wooden platform in my garden 
at Teddington, contained much sand, and some coal and coke, with very 
few spheres. Dust from leaves in Battersea Park, near the Power 
Station, was mostly domestic and horticultural in origin, very few’^ 
spheres being found, showing the efficiency of the gas washing plant. 
Ivy leaves from sheltered places around the village of Cockington, near 
Torquay, yielded a fine, reddish sand, with calcium carbonate, chlorides 
and traces of sulphates, vegetable hairs and tissues, unicellular green 
alga? and mycelia, but no obvious ash, coke, coal or soot. 

The chemical and microscopical analyses (Table II.) of grit (a) from the 
roof of a London railway terminus, taken daring a cleaning ; (6) from the 

TABLE ir. 


(«) (b) (c) 


Water .... 

, 



Tar (soluble in CS,) 

, 


. 1*07 

Oxidised oils (? soluble in acetone) 


, o*8i 

Other carbonaceous matters 



• *8-45 

Ferric oxide 



. 12-31 

Alumina .... 



. 12-25 

) 

Calcium oxide 



Alkalis, etc. 



' 3-68 

Soluble silica 



1 1-78 

Insoluble silioious matter 



• 39-65 

100-00 

Including SO, 

• 

• 

• 




2-20 

29-40 


} 


11*05 
9 II 


} »4-84j' 


33-40 


100-00 

9*01 


4*81 

32*79 

4*75 

4*40 

8-65 

17*97 

26*63 


9*11 


40 
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inner part of the Fleche at County Hall, London ; and (c) from the air 
washing plant of the Council Chamber, will show the nature of the disperse 
phases which reach a considerable height in the air of London. 

Microscopical Examination, 

(а) Coal, coke, sand, spheres (glassy and bubbly, some yellow, mostly 

white or transparent) ferromagnetic particles. 

(б) Wood, vegetable branched hairs and other tissues, sand (rounded 

and sharp, ferric oxide (magnetic) with very little Fe,04, very few 
spheres and very little coal or coke. 

(c) Mostly amorphous coal ash, very few spheres, coke, trace of coal, 
felted textile fibres, plant hairs and tissues, charred wood. 

The composition of dust in the underground railways of Paris is given in a 
report by Armand Gautier, Laveran, Vallin and B^s dc Berc to le Conseil 
d'Hygiine publique ei de Salubrite du Department de la Seine . It is 
interesting to note, as in the London dust from the station roof that the 
tunnels of the Metro.** contained large projx>rtions of iron, whilst in the 
Nord-Sud organic matter predominated. See Table III. 

TABLE III. 


“Metro.** 

Per metallique. 

46*00 

soit fer total 56*15 per cent. 

Oxide de fer. 

14*57 


Cuivre. 

traces. 


CaO (en SO4 Ca). 

12*12 


Matiere grasiere. 

1*12 


Eau et maticrcs organiques. 

12*60 

par difference. 


“NoiU-Sod.” 


Cuivre. 

neant. 


Per metallique. 

traces. 


Fer oxydc. 

806 


Soit en fer total. 

5 *fi 4 


Silice, etc. 

, 19*80 


Sulfate de chaux, CaCb, etc. 



(en S04Ca) 

36*80 


Eau et matieres organiques. 

45*30 



The calcium chloride is ascribed to the salt used for washing the platforms, 
and the organic matter to the material of the brakes. 

Lessing has given much information on the dust emitted from 
industrial chimneys in a paper read before the World Power Conference in 
19 , and the emission of soot, ash, grit and gritty particles and the 
measures taken to obviate such emission i$ the subject of a report, pub- 
lished in 1932, of a Committee appointed by the Electricity Commissioners.*^ 

A. Gautier, Comp, JRend, Cons. d*Hyg. Pub. ei du Salub. du Dept, de la Seine, 
1914. 20, 197-242. 

•• R. l^.ssing, Fuel in Science and Practice, Aug., 1930, 9, 348. 

^^Elec. Comm. Pepori on . Soot, Ash, Grit and OriUy Particles, , , . 
H.M.S.O., 1932. ^ 







J. H. COSTE 1171 

Summary. 

The dispersoids found in the air are partly normal to it. These have 
water for their main constituent. Others which are natural in origin, but 
are associated with air which has travelled over land, are living cells. 
The air of towns, or which has travelled over towns, contains (koplets 
formed from the gaseous products of combustion, and tar, soot and ash 
from the combustion of fuel. Fine silicious matter may be found in the 
air of town or country. The concentrations of these dispersoids, even in 
highly polluted air, are very low. 


GENERAL DISCUSSION.^ 


Mr. C. F. Goodeve {London) : asked what was meant by the unstable 
size ” referred to. The discussion of the equilibrium conditions obtaining 
in droplets, given both by Kdhler and by Dooley and the speaker in 
papers to this discussion, indicates the existence of no such unstable size 
with the properties described by Dobson. 

Profeeeor F. G. Donnan {London) said he thought that modem 
workers would do well to study the classical work of Willard Gibbs on the 
thermcxlynamics of ** surfaces of discontinuity."' It was extraordinary 
how little people knew- about the profound investigations of Gibbs on the 
formation and stabili^ of films and liquid drops. 

Professor H. Kohler (Uppsala), in introducing his paper, added: 
(i) The latent heat of condensation, X, mentioned on page 1157, ^ 
derived as follows : — 

The energy equation requires 

q = dU -h Apdv . . . . (i) 

where V is the internal energy of the system and Apdv the work in heat- 
units performed by the system. We now bring in T and x as independent 
variables : 

dU = d + —dr and Av = ^d* + ^dT. 
lx 11 lx IT 


Dividing (i) by T, we obtain the change of entropy dE. 
q /lU .>, 3 t'\dr /lU 


Since dE is a whole differential, we get : — 


dJt, 


* (2) 

• ( 3 ) 


In (3) the latent heat of condensation is : — 


AT 


"bp "bv 

-bx bT 




If, now, we insert the tension and the specific volume of the drops and 
the vapour, we get ; — 


The latent heat of condensation on droplets of a solution, \ is derived 
without assuming any change of the entropy, but from the energy equation 
and from the fact that dE is a whole differential. 

(2) The number N, of droplets mentioned in my paper is the same as 
the number of nuclei accompanying the rising air, and the system is cooled 


♦ On the three preceding papers. 
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adiabatically. On this assumption, the process is reversible. One must 
remember that change of entropy is entirely^ determined by the initial and 
terminal values. I have not examined isothermal processes. 

(3) According to theory, a relation should exist between the concen- 
tration and the number N. This I have never found experimentally. I 
therefore conclude that the growth of droplets must take place otherwise ; if 
coalescence take place (or evaporation from some droplets and simultaneous 
condensation on others) the process is irreversible. 

Mr. C. F. Goodeve {London) : Asked why Kdhler applied thermo- 
dynamical equilibrinm considerations to his droplets but denied that 
equilibrium obtained during the condensation of the fog to form hoar 
frost. Microscopic investigations could not prove that the hoar frost had 
the same composition as the fog from which it was deposited, and experi- 
ments in other cases have shown that equilibrium conditions are very 
rapidly set up. The speaker considered it essential to prove this point 
before consideration could l>e given to the extensive data obtained by 
Kohler. 

The whole-number rules were very interesting, and further experiments 
showed intermediate series. How was it possible to reconcile this whole- 
number rule with the thermod^mamical considerations given later in the 
paper ? 

The conclusion with regard to the latent heat of evaporation in the un- 
stable region (where the slope w^as negative). Fig. i, is of doubtful validity. 
Droplets in this region are very unstable, as is pointed out in a later paper 
by Dooley and Goodeve. It is not useful to apply entropy consideratirms 
to a system which is essentially irreversible. 

Mr. J. H. Coste (Teddtngion) said: The chlorion content of rainwater 
has been detemiined in many places. I think IVofessor Kdhler would 
find much information in Clarke's Data of Geochemistry. I'he water of 
large rivers in tropical districts, and of upland streams, is of the order 
given by Professor Kbhler for rainwater, which would be expected. 1 find, 
on looking at the analyses published by the Atmospheric Pollution Research 
Committee that there is a tendency for the chlorion content of rainw^ater 
in towTis to be higher in winter than in summer. How' far this is due to 
salt brought in by wind from the sea, or altcniatively to chlorine from 
coal is difficult to say, but the halide content of fuel is by no means 
negligible. 

Professor F. G. Donnan (London) said that some eminent landscape 
painters had drawn his attention to the haze w^hich always existed in 
England with an East wind. He could confirm these <)bsicr\'ations from 
bis own experience. His artist triends found it impossible to paint when 
the East wind (fine weather) haze blotted out all detail. As soon as the 
wind changed to the South or West, tliis particular haze disappeared. 
Was it due to Continental or other dust nuclei which remained in suspension 
in the relatively dry air-currents of the East wrind, and which were rapidly 
deposited by adsorption or absorption of water from the moist, southerly 
and westerly air-currents ? 

This peculiar and very intense haze was quite different from ordinary 
mists or fogs, or from the well-knowm ** sea frets ** which sometimes invaded 
the land areas. 

Dr. F. T. Peirce (Manchester) said : Would the landscape painter dis- 
tinguish betw een light scattering by particles and refraction by convection 
currents, which may be more pronounced in East wind weather when the 
upper air is cold and the ground warmed by bright sunshine ? 

Dr. R. Metdau (Berlin) said : Almost a hundred years ago, Chr. G, 
Ehrenberg described " the abundant invisible air-bome organic life " which 
he had studied, described and pictured over a period of many decades.* 
Svante Arrhenius developed along similar lines the hypothesis of the 

^Ahhand. Kdnigl. Ahad, IViss,, Berlin, 1871 et seq. 
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Panspermie (Allbesamung). It might perhaps be useful to review the old 
work of Ehrenberg in the light of modern knowledge. 

Dr* W. H. J. Vernon iX eddington) (communicated) : An indication of 
the nature of dispersoids in country and town air is adorded by the wind- 
borne constituents of certain metallic corrosion products, e,g, the familial 
green patina on copper.* 

Analysis of Wind-Bornk Materials in the Green Patina on Copper 
FROM Typical Sources. 



N. Mimjxu 
Spire, Hert- 
fordshire. 

1 Bodleun 
! Library Roof, 

1 Oxioxd. 

1 

British 

Maseum 

Dome, 

London. 

CnstOTOs 
House Dome, 
Ramsgate. 

Per cent, wind -borne matter in 
green patina 

1 

! 

90 

6*9 

19*2 

4’3 

Per Cent. Con<;iituenfs tw Wind- 
borne Matter. 

Iron oxides (a.s FcjO,) . 

43*0 

1 

^ 4*3 ^ 

24*2 

366 

Alumina, A1,0| 

47-4 

134 

370 

17-0 

C'.ailvjniu eous matter . 

<>•4 

iig 

326 

9*7 

Siliceous matter . 


i 10*4 

... 1 

j 

36*6 


The high proportion of iron oxide and alumina is striking, although it is 
diflicult to deduce any topographical relationship ; well-marked maxima 
are exhibited by carbonaceous matter in the town sample, and by siliceous 
matter in the marine sample. 

The nature of the dispersoids has also a great influence in determining 
the composition of the main part of the product, i.e. the part derived from 
corrosion of the underlying metal. The characteristic constituent in 
country atmospheres (in Great Britain) is basic copper sulphate, derived 
mainfy, no doubt, from the action of sulphur dioxide either in gaseous or 
dis()ersoid form, although ammonium sulphate particles must play a 
subsidiary part.* In town atmospheres the proportion of basic copper 
carbonate is very greatly increased, rising to nearly 25 per cent., compared 
with 2-7 per cent, in rural atmospheres, due in part at least, to a higher 
proportion of carboxylic acids in town air,* almost certainly in dispersoid 
form ; but, as suggested by Mr. Coste,* this factor is probably supple- 
mente<i by the greater amount of calcium carbonate diffused into town air, 
from mortar, cement, limestone, etc. 

Although |>articlcs of chlorides derived from the sea provide effective 
nuclei for rain drops at much greater distances, they cease to be effective 
from the corrosion point of view at comparatively short distances from the 
sea, unless they are favoured by prevailing winds. Thus, at inland sites 
in this country chlorides are absent from the copper patina. In samples 
taken in mid-Wales, 30 miles from the sea, there is 20*75 cent., and at 
Dundalk, on the north-east coast of Ireland, only 8*1 per cent, basic 
copper chloride. The occurrence of the greater chloride at the greater 
distance from the sea is here clearly attributable to the inffuence of 
prevailing winds. 

It seems right to emphasise the undoubted importance of dispersoids 
in atmospheric corrosion phenomena, esp^ally as this aspect has not been 
formally represented elsewhere in the discussion. The fundamental part 

* Vernon an<i Whitby, J, Inst, Afetals, 1950, 44^ 389. 

» Cm. F. New, J. S. Owen,s, W. H. J. Vernon, ibid., 1932, 48, 130, 137, 140. 

* \V. H. J, Vernon, J. Chtm. Soc., 1934, 1853. 

» J. H. Coste, /, See, Chem, Ind, (Chem, and Ind.), 1934, 53 * lobi. 
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played in the corrosion of iron by suspended particles (sufficiently small to 
have Brownian movement and capable of interception by a simple muslin 
screen) was demonstrated by the writer some years ago,* and its importance 
has been amply confirmed in more recent experiments.’ 

Professor H. Kdhter (Uppsala), in reply, said : Without doubt there 
are different kinds of hygroscopic nuclei in the atmosphere. According 
to my calculations, the larger nuclei of a definite kind must first be 
considered, and then smaller and smaller : the mass is decisive. If dif- 
ferent kinds of nuclei are present, however, the mass is not of paramount 
importance, but their respective hygroscopic powers also come into con- 
sideration. In large to^^ms and undustrial countries the atmosphere gains 
many very hygroscopic nuclei, are emitted into the atmosphere, and 
these have the same effect as the less hygroscopic seasaJt. 

My results on condensation and the constitution of clouds, appear to 
conflict with thermodynamics, which has not been uncommon in meteor- 
ology since Hertz 1884. If we assume that condensation on adiabatic 
expansion of the air takes place on nuclei which are present, results are 
obtained which do not correspond with reality. Droplets cannot grow 
by continuous condensation to the size of raindrops, or even to that of 
cloud droplets. 

The latent heat of condensation is deduced for condcnsatif)n on droplets 
consisting of pure water.* 

The vapour tension of the droplets of solutions for the condition 
a* < oLi * . 2“'* decreases or to some extent is almost constant on adiabatic 
cooling, it is also a function of T. Smaller seasalt- nuclei than aj* . 2 
are not available for the condensation in the atmosphere, because too great 
supersaturation then would be necessary. It is also important when 
considering equilibrium conditions to define accurately the vapour tension 
of a droplet present in the atmosphere, with regard to the measured mean 
value of the pressure of the water vapour. 

The constitution of the hoar-frost deposited from fog, ha.H been examined 
in other than microscopic w^ays and the same results were alw'uys obtained.* 

Mr. J, H. Goste {I'eddingion), in reply, said : Sir Robert Koberts^m 
had informed him in correspondence of the w'ork on products of combustuin 
to w'hich he referred at the meeting. It was interesting to receive this 
confirmation of the freejuent presence of nitrous acid in air contaminated 
with smoke from chimneys. Dr. VeriKm's figures seemed to show^ that 
wind-borne matters, and especially silicates and carbon were more prevalent 
in town air. 

As to the products of corrosion of copper he was incliiu^ to think that 
the basic copper sulphate w^as a residual product, .since he had foun<J crystals 
of normal ctjpper sulphate, on ct.pper surfaces exposed to the air and dew, 
but not to the leaching effect of rain. 

He was very interested in what Dr. Meldau had to say alxiut Khrcnlx^rg, 
whose microscopical work was well knowm, with whose researches on at- 
mospheric di,spersoids he was not acquainted. Ihc early microscopijjt. 
Leowenhoek, had made some evidently very careful exammation of the 
dispersoids in rainwater, and Angus Smith had done a great deal. He 
w^ould seek the opportunity of reading Ehrenberg’s papers. 

• W. H. J. Vernon, Trans. Faraday Soc., 1927. 33, 159. 

’ Ibid., 1935, 31, 1678. 

• W. Voigt, Thermodynamik, II Band, p. 134. 

• See my papers from 1921 to 1933 s^od also the examination of tain made by 
Israel and Niederdorfer, 



THE DETERMINATION OF THE MASS AND SIZE 
OF ATMOSPHERIC CONDENSATION NUCLEI. 

By J. J. Nolan and V. H. Guerrini. 

Received tth February^ 1936. 

In 1903 J. J, Thomson ^ and Langevdn * independently demonstrated 
the possibility of the existence in a non-saturated atmosphere of stable 
drops of water of diameter of the order I0“* cm. In 1905 the large 
atmospheric ions were discovered by Langevin and were found to be of 
a certajn degree of homogeneity as regards their mobility. It was 
natural, then, to assume that the large ions were the condensation nuclei, 
familiar owing to the work of Aitken, which had acquired positive and 
negative charges, and that the condensation nuclei w^ere the stable 
unifomily-sized drops, the theoretical possibility of which had been 
indicated. Whatever be the n.itnre of the condensation nuclei, the 
identification of the large ions with the charged nuclei may be said to 
have oeen finnly established by all later w’ork. 

In 1917, J. J. Nolan showed * that, assuming the large ions to be 
spheres of water, calcuhitions of their size made by a kinetic-theory 
formula due to J. J. Thomson and by Millikan’s modification of the 
Stokes-Cunningham fonnula wore in good agreement. For ions of 
mobility 0*00033 cm. /sec. in a field of i volt/cm., assumed to carry unit 
electronic charge, the radius calculated w%is 4*1 x cm. The fact 
that the charge on the large atmospheric ion is normally the electronic 
charge was afterward.s demonstrated."* More recently, J. J. Thomson 
an<i <1. P. Thomson,® from calculation^ somewhat similar to those already 
referred to, obtained the value 4*5 ^ 10“^ cm. An interesting calcula- 
ti(»u of a different kind might be mentioned. By attributing the absorp- 
tion of solar radiation to the comlensation nuclei, P. J. MacLaughliu 
from experiments made at the top .ind bottom of the Eiffel Towner, calcu- 
lated a value 5*5 X cm. for the radius of the nuclei. 

1‘he possibility of making more precise measurements of the nuclei 
was disclo.sed as a result of some observations ’ directed in the first 
instance tow^ards the investigation of the manner in which nuclei are 
lost from an air-stream ffowing ihroiigh tubing. It appeared that the 
Io^s of nuclei could in general l>e attributed to tw'o effects, gravity and 
diffusion to the walls. It was possible also in general to separate these 
effects, to estimate the amount of each separately, and hence to deduce 
tive terminal velocity of fall of the nuclei and their diffusion coefficient in 
air, 

‘ J. J, Thomson, Conduction of EUdricity in Gases, ist ed., 1903. p, 149. 

* P. Langevin. Coiiri de Collide de France, 1903-04, vide A. B. Chauveau. 
Le Radium, 191^. 9 « 

* J. J, Nolan. iVor, Roy. Soc., I9i7» 97A» 112. 

* J. J, Nolan, K. K. Boylan and G. P. de Sachy, Proc. Roy. Irish Acad., 1925, 

37 » * 

* J. J. Thomson and G. P. Thomson. Conduciiom of Eiectriciiy in Gas$$, 3rd 
ed., i 9 iSr P* 

* P. I. Macl^ughlin. CompUs rendus, 1927. 184, 1183. 

’ J. J. Nolan and V. H. Guerrini, Proc. Roy. Irish ~icad., 1935, 43, 5. 
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Experimental Methods, 

In order that the losses of nuclei should be sufficient to enable accurate 
observations to be made, it is necessary that the air canying the nuclei 
should pass very slowly through a rather narrow channel. The most 
convenient way to secure this is to cause the air to flow in a thin sheet 
between parallel plates. By building up a pile of plates with suitable 
separators, several such air-sheets may be arranged to flow in parallel. 
When the planes of the plates are horizontal, the loss of nuclei is due both 
to diffusion and fall, ^^en the plates are set with their planes vertical, 
the loss by fall is negligible and diffusion alone may be held to operate. 

In our experiments a water-sealed gasometer of capacity about 500 
litres was filled with a mixture of filtered air and atmospheric air containing 
the nuclei under examination. The air in the gasometer, having a concen- 
tration of about 5000 nuclei per cm,® was driven, under a suitable head of 
pressure through the parallel-plate system. At the inlet and outlet of the 
system, the number of nuclei per cm.* of air was counted by an Aitken 
apparatus. Each determination of velocity of fall and of diffusion co- 
efficient involved a large number of readings of the Aitken instrument at 
each end of the apparatus under the two conditions of plates horizontal 
and plates vertical. 


!)■ 


Calculation of Vg^ the Velocity of Fall. 

If we assume a uniform comentration of nuclei in the air entering tiie 
apparatus and conditions of stream-line flow in the space between the 

plates, it is easily shown that the 
fraction k of nuclei lost is con- 
nected with the terminal velocity 
l'\ by the relation 

^ ' ■ ■ /A 2 

wliere Q is the volume of air 
p.L-i-ing per second between lhf‘ 
platen, L is the horizontal length 
and b the breadth of the space. 

Since the <}iiantity k (fraction 
of nuclei lost by fall) is obtained 
as the difference between the frac- 
tions lost in th(‘ horizontal and 
vertical positions of the plate<, 
Fig. 1. it is in general small, and is not 

readily determined to a Jiigh de- 
gree of accuracy. The amount of agreement between the experimental 
and the theoretical loss by fall obtainable under favourable conditions 
may be judged from Fig. i, in which values of k obtained with various 
values of the air-stream are plotted. The continuous curve shows the 
theoretical relation between the quantities for an as>umed velocity of 
fall of 8 X 10'"® cm. /sec. 

Calculation of D, the Coefficient of DUTuaion. 

It has been shown ^ that the loss of particle.s by diffusion from air 
flowing through a thin rectangular channel may be cxf>ressed in the form 



cmJ/sec. 


— — i*o66 exp. 


- 3-67Ws 

aQ 


0'CX)65 exp. 


aQ ' 
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^here is the ratio of the concentrations of the particles in the air 
entering and leaving, b is the breadth, z the length and a the half -depth 
of the channel and Q is the volume of air passing through per second. 
Since the second term will, in practice, always be negligibly small, the 
relation can be expressed as 

n/n^ = ro66 exp. — x, where x = 3*67 bDzjaQ. 

From the nature of the observations, it is to be expected that the 
•determinations of Z), the diffusion coefficient will be of a higher order of 
accuracy than those of Vg, The values found do, in fact, exhibit a 
higher degree of consistency. Fig. 2 shows values of obtained 



J 10 19 £0 

Q. cm.*/sec. 

Fig. 2. 


‘under conditions not specially favourable, plotted against g, the volume 
of air passing per second. The continuous line shows the theoretical 
relation between the quantities tor an a.ssumed value D = 18 X lO""* 
•cm.*/sec. 

It appears generally from our observ^ations that tlie loss of nuclei can 
be completely accounted for by the two processes of fall and diffusion, and 
that the processes can be separately observed. In our experiments three 
.sets of apparatus differing widely in dimen.'^ions were used. The par- 
ticulars of the materials and dimensions of these are set out in the 
following table : — 


App*- 

MaterUl 

of 

PUtn. 

1 Thickaets 
: of 

Plates. 

Lcni^th. 

Breadth. 

t Number 
I>epth. of 

1 Channels. 

I 

CUass 

0*211 cm. 

76 cm. 

19*0 cm. 

1 

0*211 cm, 7 

II 

Duralumin 

0040 ,, 

100 ,, 

^ 4*9 .. 

0*642 ,, 7 

in 

Brass 

0*054 - 

30 .. 

9*9 

0*054 M 10 


The results of observ ations made on nuclei in Dublin air are collected 
in the following tabic. It should be stated that the air was not drawn 

40 • 



1178 DETERMINATION OF CONDENSATION NUCLEI 


directly from the open. It was room air, not contaminated in any way, 
but differing from atmospheric air in that the nuclei in it were older on 
the average than those in the outside air. 

The values set out in this table 
are means derived from figures 
which, especially in the case of 
show very considerable scatter. 
This variation in the values found 
may be regarded as due in part to 
the inherent experimental difficulties, and in part to the fact that the 
observations were spread over many months, with very' varied weather 
conditions, and possibly considerable real variation in the character of 
the nuclei. It is satisfactory that the mean values found with the differ- 
ent apparatus are in fair agreement. We may conclude with a certain 
measure of assurance that the values F^ and D for the nuclei we have 
been observing are close to 



cm./sec. 

Dxxo^, 

cm.*/tec. 

I. 1 st Series 

8*6 

17*5 

2 nd „ 

6*9 

i8*i 

II. 

8*2 

20*9 

III. 

7*2 

17*4 


and 


Vg = 7*5 X I0~* cm. /sec. 
P = i8 .X io“® cm.*/sec. 


Calculation of Maas and Size. 


The well-known Einstein equation gives the mobility, i.e. the ratio of 
the velocity of a particle through a gas to the force acting on it = DXjRT 
we have therefore 


J^_DN 

mg - KT 


and 





The mass of the nuclei observed in our experiments is therefore 


7*5 X io~* 831 X 10* X 288 
18 X 10 ^* * 6*06 X 10** X 980 
= 1*68 X 10“ g. 


If we assume that the nuclei are spherical we can write the KiTistcin 
equation in the form 

^ RT \ + l/a {A B exp. — call) 

77 “ ‘ 67rqa 


Knowing the constants in this equation, we can use it to calculate a 
for different values of D. Values of A, B and c have been given by 
Millikan * and Mattauch.® While these values differ, they give, over the 
range with w^hich are concerned, curves of D against a which are 
practically identical. From these curves we find for D — l8 X 10^, 
a = 2*85 X io~* cm. The volume of such a particle will be 0*97 X 10*“*® 
cm.® Comparing this with the value r68 X lO"'® gr. found for the mass, 
wc arrive at 1*68/0*97 = 1*7 for the density of the nuclei. 


Effect of Time* 

The values for mass and radius which we have just given are calcu- 
lated from the results of a great many experiments, all made on room 
air, and refer therefore to nuclei to some extent aged. During the 

• R. A. Millikan, Physic. Rev., 1923, ja, 1. 

» J. Mattauch, Z. Physik., 1925, 3Z, 439. 
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duration (about two hours) of each experiment, the nuclei were contained 
in a water-sealed gasometer. There was no indication that, during the 
time of the experiment, any change in the nuclei occurred. On long 
standing however the evidences for change are quite definite. There is 
a reduction in the values of both Vg and D. If Vg and D fell off at the 
same rate, i.e. so as to keep Vg/D constant, it would mean that the nuclei 
were increasing in size, but that their mass was remaining constant. Our 
observations made so far tend to show that Vg diminishes more rapidly 
than D, so that it would appear that the nuclei surviving after a certain 
lapse of time are (i) larger, (2) of smaller mass, and therefore (3) of con- 
siderably lower density than the average at the beginning. It may be 
noted that P. J. Nolan found that nuclei stored in the same way showed 
an incrciise with time in their coefficient of combination with small ions. 
These results are consistent with the supposition that the nuclei present 
originally are a mixture of different kinds, and that those observed after 
a lapse of time are the larger and lighter ones which have escaped loss 
by (iiuui=ion and fall. 

Observations on Nuclei in Ck>untTy Air. 

We have made a number of observations on nticlei in the air at Glencree 
in the Wicklow Mountains, eleven miles south of Dublin. Here the con- 
centration of nuclei varies over a wide range, large numbers being found 
when the air-supply comes from the direction of Dublin, while small 
numbers arc usually found when the wind comes from the open country 
to the south and west. The re.sults found so far indicate the possibility 
of a considerable range of variation in the sizes and masses of the nuclei. 
Observations are being continued with the object of determining the 
effect of the size of the nuclei on the control which they influence on the 
equilibrium of atmospheric small ions. 

P. J. Nolan, Proc, Roy, Irish Acad,, 1929, 38, 49. 


GENERAL DISCUSSION, 

Professor F. G. Donnan {Lofidon) said he thought that the work of 
Professor Nolan and Dr. Guerrini represented a very important contribution 
to the problem of the nature of atmospheric condensation nuclei. 

Dr. G. M. B. Dobson {Oxjord) said : The minute particles seen in the 
normal atmosphere by the aid of the ultra-microscope appear to be of 
various sixes. Indeed, it would be very surprising if they were all closely 
the same size, as assumed by Professor Nolw in his calculations. In his 
observations with the plates of the instrument horizontal the particles 
which settle out will be chiefly the larger ones, w^hile with the plates vertical 
the smaller particles will diffuse to the sides most rapidly. Thus, if the 
particles present have a large range of size his equations will not hold 
strictly, 

1 should like to suggest to Professor Nolan that he should make calcula- 
tions to see what would be the effect on the results obtained if there were 
really present particles of many sizes. Thus, it would be interesting to 
know how the size he would obtain by the present method would differ 
from the true average size of the partides present. 

Professor R, WhyUaw-Gray {Leeds) said : The distinction usually 
made between atmospheric nudei and finely dispersed solid matter appears 
to me to be an artificial one. It is supposed that the former, on account 
of their hygroscopic character, condense moisture readily and fmrm minute 
droplets, whilst the latter do not behave in this way at all, or do so only 
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with difficulty. For this reason the Aitken counter is supposed to in- 
numerate the hygroscopic nuclei only, and the Owens* dust counter and 
the thermal precipitator the larger particles of solid material which are of 
microscopic dimensions. 

Exp)eriments made here with the Aitken instrument indicate that solid 
particles of such materials as silica, magnesium oxide, finely divided 
carbon, etc., readily act as condensation nuclei and can be counted and it 
seems probable that this method reveals not the hygroscopic nuclei only 
but the total number of particles of all kinds that are present. 

Again, the view is often expressed that nuclei are of amicroscopic 
dimensions and hence are invisible in the ultramicroscope. Some of them 
no doubt fall into this category, but many nuclei and large ions can be seen 
and counted with the latter instrument. Support for these views is afforded 
by a comparison recently' made in this laboratory of the Aitken counter 
with the ultramicroscope on a number of smokes and dusts. With smokes 
of stearic acid, carbon black, and paraffin, as well as with silica dusts, a 
close agreement was found. With ordinary Lcseds air containing the 
usual amount of suspended pollution, the Aitken instrument counted about 
30 per cent, more particles but wffien the air w^as enclosed in a large tank 
and comparisons made at intervals over a long pe riod, the numbers counted 
became closer with lapse of time and at the end of three hours w'cre approxi- 
mately equal by the two methods. 

These experiments appear to show that particles of various kinds and 
of a considerable size range are present in town air. Of these a certain 
proportion are amicroscopic and a much smaller proportion of microscopic 
dimensions. The most numerous are those which are usually' clas,sed as 
ultramicroscopic and fall approximately' l>etween the size limits of 5 v ro* 
and 2 X 10 cms. radius, i.e., between 0 05 and o zfx. 

The total number of particles observ’ed in I^*eds air w hen these experi- 
ments were made, w'as of the order of 10* per c.c. Those visible micro- 
scopically' in the thermal precipitator records numbered about 3000 per c.c. 

Professor F. A. Paneth {London) said : On the question whether 
particles of different size are to l>e found in air, I should like to know the 
opinion of meteorologists concerning the presence of particles too small to 
be seen even under the ultra-microscopc. So far as I am aware, such 
particles have been postulated only by chemists, as a means of explaining 
variations in the density of air found in 1893 by- Ijord Rayleigh and more 
recently' (1917) confirmed by Ph. A, Guye in Geneva ; according to C»uye, 
the weight of i litre of air can vary by several tenths of a milligram. If 
due to a difference in composition, this would correspond to a change in 
the oxygen percentage of more than o-r per cent, by volume which, of 
course, could readily be detected chemically ; it is impossible to ascribe 
the density variations to any other alteration of the chemical composition 
of air. They seem to be connected with changes in the barometric pressure, 
and Guye suggests that the assumption of extremely fine particles of dust 
may provide an explanation. This, of course, is an ad hoc hypothesis 
made only after the failure of all other attempted explanations, and I 
wonder whether any meteorological observation can be quoted in its 
support. 

Professor R. Whytlaw-Gray {Leeds) said, in reply : It is difficult 
to imagine any kind of fine particulate system present in air which would 
alter the density by as much as a few tenths of a milligram per litre, by 
a few parts in 10,000 ; the variation reported by Guye in the experiments 
quoted. In a fine smoke containing about lo* i>articies per cx. an average 
value for the mass concentration is of the order of 20 milligrams poT cubic 
metre. This could only alter the density by i part in 70.000, though its 
presence would be evident in the Tyndall beam. If the air were optically 
emxjty the particles would have to be about ten times smaller and even 
this small variation in weight would require a number concentration of 
10* per c.c. which seems very unlikely. 
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Mr. G. W. Slack (Leeds) said : A variation of only one-tenth of a 
milligram corresponds to a mass concentration of one hundred milligrams 
per cubic metre and whilst a cloud of this concentration could no doubt 
be prepared which w^ould give no sign of its presence in the Tyndall beam 
or ultramicroscope there can be little doubt that it would aggregate sufl5- 
ciently to do this in a very short time, and so it is unlikely that this is the 
explanation of the observed variations. 

Mr. A. G. Grant (Darlington) said : Has any attempt been made to 
define the properties of a nucleus ? Previous papers have referred to 
hygro.scopic nuclei, for example, sea-salt, and it has often been suggested 
that organic spores and particles of free carbon (in industrial fogs) may form 
nuclei. Professor Nolan's paper deals with molecular aggregates which 
are presumably somewhat bigger than Langevin ions. Are these ag^egates 
credited with condensation properties resembling the hygroscopicity of 
sea-salt, or is there some more basic attribute which determines whether 
or not the smallest aggregates of matter may serve as nuclei ? 

Mr. J. H. Ck> 8 te (2' eddi^ngton) said : There seems no reason, in the nature 
of things, why hygroscopic nuclei should, in the air of inhabited districts, 
be all of the same kind or size. Wright and I have found various ions 
(in the chemical sense) in the condensates from London air, with some 
evidence of selective condensation. Professor Nolan has said that the 
density of 17 of the nuclei is not a figure on which much reliance can be 
placed, although it is of the right order. It would correspond to very 
strong solutions of any likely salt or hydride, and seems to be too high. 

Mr. C. H. Bosanquet (Billingham) said : Are the diffusion and fall 
effects additive ? It appears probable that the increaise of particles 
striking the lower plate would be almost compensated by the decrease on 
the up[X‘r plate, if the velocity of fall is small. If this is the case, erroneous 
values of \\ would lx? obtained by applying the formula for k given in 
the paper directly to the values of k obtained by difference. 

Dr. J. J. Nolan (Duhlm), in reply, said : We have not been concerned 
in this w‘t)rk very directly with the nature of the condensation nuclei, but 
rather with an essay at the determination of the sizes of the bodies — 
whatever they may be — which are counted by the Aitken instrument. 
We have hitherto accepted the sharp distinction, apparently established 
by the work of Wigand and Boylan, between the condensation nuclei and 
the true dust. The question, however, is obviously an open one, and we 
await FVofessor Wh\^law-G ray's further results wifi great interest. 

Ill the course of airrcspondence, it has been pointed out to us by 
Mr. ik>sanquct that in the calculation’ of F, while we have allow^ed for 
the difference in air-velcx:ity in different levels of the air-stream, we have 
not taken account of the same difference as affecting the velocity of entry 
of particles into the apparatus. This consideration gives a simpler ex- 
pression for r,, and as a result of the correction (while a greater degree 
of coherence appears among the values calculated for different air- velocities), 
the result.s for velocities of fall are approximately doubled. 

From experiments now in progress on atmospheric air contained in 
oil-sealed gas-holders, we hope to obtain a truer idea of the distribution of 
sizes of nuclei in the free atmosphere. 



HYGROSCOPIC NUCLEI IN THE FORMATION OF 

FOG. 

By James C. Philip. 

Received gih March^ 1936. 

The fogs which have been the subject of investigation by the author 
and his collaborators ^ are those obtained on passing an air stream 
charged with a volatile acid through a solution of alkali hydroxide 
containing a trace of volatile alkali. When, for example, filtered air 
is drawn through concentrated hydrochloric acid and then through a 
solution of sodium hydroxide to which a trace of ammonium chloride 
has been added, a fog is produced in the alkali vessel, and this fog, 
once formed, is extraordinarily persistent. It can be passed through 
water without more than partial absorption and although passage through 
strong sulphuric acid appears to clear up the air stream, the fog reappears 
on subsequent bubbling through water. 

The fog droplets can be removed from the air stream by woolly 
asbestos and submitted to analytical examination. This shows them 
to contain ammonium chloride and free hydrochloric acid and the 
weight of fog, obtained in a standard run, has been found to vary in a 
significant manner with the concentration of the alkali solution and 
with the amount of ammonia which it contains. The formation of fog 
can be detected even when the proportion of ammonia in the alkali 
solution is as low as i part in lo million. Indeed, the production or non- 
production of fog under the conditions stated, provides as delicate a 
test for the presence of ammonia as the well-known Nessler reagent. 

Our view of this phenomenon is that as the bubble of the air-HCl 
stream forms on the end of the inlet tube in the alkali solution molecules 
of ammonia from the latter combine with molecules of hydrogen chloride 
in the bubble producing nuclei of ammonium chloride ; w^atcr then 
condenses on these hygroscopic nuclei, and the droplets so formed absorb 
free hydrogen chloride. On the bubble rising to the surface the suspended 
droplets escape into the vapour space above the solution, thus giving 
rise to the fog. 

The point with which this communication is more particularly con- 
cerned is the question of the mechanism of formation of the droplets. 
Light is thrown on this matter by studying the manner in which the 
weight of fog and its composition are affected,, under otherwise steady 
conditions, by changes in the vapour pressure of the alkali solution. 
As this vapour pressure is reduced it will be increasingly difficult for the 
nuclei to acquire water, and the weight of the fog droplets obtained in 
a standard run will decrease. Such a result has been obtained with 
sodium hydroxide solutions of greater strength than roJV concentration, 
but the most interesting evidence was provided by a series of experi- 
ments in which the vapour pressure of the alkali solution was reduced 
by the addition of sodium chloride. 

9 ^ ; Aldisand Philip, ibid.^ 1930^ 1103 ; Jackson 

and Philip, ihtd,, 1934, 341. 
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NaCl, 

g.-equiv./x. 

Weight of 

Found in Fog. 

Fog -f Water 
Vapour mg. 

HCI (free), 
mg. 

NH. (ai NH4CI), 
mg. 

0 

4(>7 1 

35*9 

0*64 

1*0 

457 

370 

0*64 

2*0 

380 

33*4 

0-65 

3*0 

310 

28*4 

0*65 

4*0 

217 

18-9 

0*66 

5*0 j 

140 

12-0 

0*66 


It seems reasonable to 


The data recorded in Table I. were obtained in a series of experiments • 
all carried out with N/i NaOH solution containing o-ooi per cent. NH„ 
but differing in the content of sodium chloride. It should be noted that 
each figure in the 

second column in- TABLE 1 . 

eludes 80-90 mg., due 

to the water vapour. Found in Fog. 

The figures in the n«ci, F«H?w^er 

foregoing Table clearly *.-e<iuiv./i. vapour me. hci (free), nh, («» NHiCi), 

indicate that as the mg. mg. 

fog obtained in a stan- 

dard run gets thinner ^ ^ 

the amount of acid 

which it contains falls ^ ^ 389 33-4 0-65 

off steadily, whereas 3.0 310 28*4 0*65 

there is no sign of 4*0 217 18-9 o»66 

decrease — there is in 5*0 140 12-0 0‘66 

fact a slight increase 

— in the amount of 

ammonia carried over as ammonium chloride. It seems reasonable to 
conclude that the hydrogen chloride carried over depends on the water 
content of the fog droplets and that if the water-vapour pressure of the 
liquid in the fog-chamber could be reduced much further, nuclei of am- 
monium chlontie would still be produced which, however, would be both 
dry and neutral. 

Observations confirmatory of those in Table I. were obtained with 
triethylamine as the volatile alkali instead of ammonia.* In the series 
detailed in Tabic II. the air-HCl stream was passed in each case through 
a solution which w'as 0*54%" as regards sodium hydroxide and contained 
0*0009 per cent, triethylamine. The solutions, how*ever, were progres- 
sively richer in sodium chloride. 

Here again, as the water-vapour pressure of the solution in the fog- 
chamber decreases the free acid carried over in the standard run falls 

steadily, whereas the 
TABLE 1 1 , quantity of amine 

— ^ tends to rise. 

In Fog. A relevant qualita- 

Nacigm - -fWateT tive observation may 

| also be recorded. A 

^ ' i mg. mg. dried air-HCl stream 

j ; j w'as passed through a 

1 I 5^ NaOH 

1.0 solution containing 

20 385 3^7 i 0-66 0-001 per cent. NH, 

yo 297 24 4 ! — then through two sul- 

4 0 182 14-8 j 0 67 phuric acid bubblers 

I ! and then through 

water. Nothing was 

visible above the sodium hydroxide solution, but fog appeared in the water 
vessel. It contained no detectable free acid. 

The foregoing evidence certainly supports the \iew that the primary 
event in the production of the fogs is the formation of nuclei of am« 
monium chloride followed by the condensation of water on fhese nuclei, 
giving a solution of salt. Only then does the absolution of hydrogen 
chloride begin. It is true that ammonium chloride is usually regarded 
as non-deliquescent, but the description is not an absolute one, for the 
possibility of deliquescence depends not only on the nature of the salt 

* Jackson and Philip, he, * Banheld, unfiiMisMed Mferimenh, 


NaC’l gm. — 
equiv.;lit. 


\Vt. ol Fog 
•T W'ater 
Vaixjur 
(»n mg,). 


HCl Free 
mg. 


0 

5 M 

1 367 

0-05 

1*0 

459 

! 34'7 1 

0*66 

2*0 

3^5 

; 307 

yo 

1 ^97 

24*4 

— 

4*0 1 

i 

1 182 

14*8 

0*67 
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but also on the vapour pressure of its saturated solution and on the 
relative humidity of the surrounding atmosphere. Further, when the 
salt is in an extremely finely divided state, as in the present case, and 
has therefore a relatively large surface exposed, the rate of adjustment 
of equilibrium between the salt and the water vapour in the surrounding 
atmosphere will be very high. The experiments of Owens ^ on the 
conditions of deliquescence of minute crystals exposed to air of different 
relative humidity have shown that in the case of such salts as sodium 
chloride and ammonium chloride there is, in fact, a rapid adjustment of 
equilibrium. 

* Proc. Roy, Soc., 1926 , lioA, 738 . 


GENERAL DISCUSSION, 

Mr. C. F. Goodeve (London) said : Professor Philip and his co-workers 
have been studying a very interesting type of mist and have developed 
a satisfactory explanation, involving the formation of a nucleus of 
ammonium chloride. It is to be hoped that they will now put their theories 
to a quantitative test. Some of the ways in which this can be done have 
been indicated in a paper by Dcx>ley and myself. 

It seems likely that the hydrochloric acid mist formed under the con- 
ditions of their experiments was in equilibrium with the vapour over the 
solutions which they used. Neglecting the effect of curvature, the vapour 
pressure of a solution of hydrochloric acid, as indicated by the 2nd and 
3rd columns in Table 1 , should be the same as that of the NaCl-NaOH 
solution given in column i. I have calculated the vapour pressures of 
these solutions (by adding the vapour pressure lowering of each compound) 
and in general have found that there is not good agreement bet^veen the 
values so calculated. It seems that there may be some disturbing factor 
present in their experiments. 

No explanation has been given of the constancy of the ammonia content 
in the mists (last column, Table L). It seems that this may be due to 
either or both of two causes. If the reaction between HCl and ammonium 
in the gaseous phase is very fast, the concentration of ammonia will be 
negligibly small. The amount appearing in the mist will therefore be 
governed by the rate of evaporation of ammonia from a solution of a certain 
strength into a gaseous space free from ammonia. This rate will probably 
be independent of the sodium chloride concentration and, therefore, a 
constant value is to be expected. On the other hand, the amount of 
ammonia in the mist is 80 per cent, of the total originally present in the 
liquid, and, as the rate of evaporation is probably directly proportional to 
the concentration of ammonia, a smoot^ng out of any variation would 
result from its deficiency. 

The condensation of water and hydrogen chloride on the ammonium 
chloride nuclei must occur simultaneously as the vapour pressure of water 
on the droplet must always be below* that of the solution before it is able 
to take up more water. 

Mr. J. H. Goate (Teddington) said: The concentration ol HCl in the 
fog water seems to have been fairly constant aronnd 8 per cent., with a 
tendency to be greater in the fogs containing less ammonium chloride, 
suggesting that the droplets when formed absorbed a proportion of HCl, 
mainly deteimined by the concentration of gas, but also by the concentra- 
tion of chlcnmns already existing in the droplets. Wright and 1 found that 
hydr<Khloric acid alone evaporated into nucleus-free air did not produce 
nuclei, which could be counted in the Aitken counter, although Helmholtz 
found that it did produce the " blue " cloud when mingled with steam 
issuing from a jet. 
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Professor J. C. Philip (London) said, in reference to Mr Goodeve's 
suggestion of some disturbing factor in the experiments : The results of 
these experiments, carried out under specified and controlled conditions, 
were perfectly definite and regular, and the want of agreement between 
the c^culated vapour pressures was probably due to the uncertainty of 
the assumptions underlying the calculations. 

He agreed with Mr. Goodeve's view that the amount of ammonia in 
the mist would be governed by the rate of evaporation of ammonia from 
the alkaline solution. It was probable, however, that the escaping ten- 
dency of the ammonia would, if anything, increase with the sodium chloride 
concentration, and this would account for the slight rise in the figures of 
the last columns in Tables I. and IL 

As to the contention that the condensation of water and hydrogen 
chloride on the nuclei must occur simultaneously, the experiments indicated 
that a dry ammonium chloride mist (haze) would carry no free hydrogen 
chloride and hence it seemed fair to conclude that the absorption of w ater 
(it might lx* to some minimum extent) must precede the absorption of 
any hydrogen chloride. Subsequent to this the absorption of water and 
hydrogen chloride would no doubt go on simultaneously. 

In reference to Dr. Coste's experiments with hydrochloric acid, it w^as 
ix;rha]>s of interest to record that in his (Professor Philip's) laboratory 
also it had l)cen confirmed that strong hydrochloric acid did not fume in 
moist air, freed -^arefully from dust and ammonia. 


SORPTION OF FOGS BY LIQUIDS. 

By H. Remy {from experiments with W. Seemann, A. Panceram and 

H. Friedl.and). 

Received in German {i 8 th March, 1936), and translated by 
James Colvin. 

The factors which influence the sorption of suspended matter on 
passage through liquids, filters or, even, empty vessels are, firstly, 
sedimentation, and, .secondly, the collisions of the suspended particles 
with the walls or with the surrounding medium ; the latter may be 
conditioned cither by the individual movement of the particles (Browmian 
motion) or by the turbulence of the gas transporting them. 

For suspended matter (such as the sulphuric acid fogs w^e have 
investigated), Brownian motion may be excluded at once as a decisive 
factor since, with particles of the diameter shown by this fog (lO~* cm.), 
it is far too slight relative to the observed decrease in concentration.^ 
On the other hand various observations have been made which suggest 
that in such fogs sedimentation plays an essential part in the decrease in 
concentration on piissing through the sorption apparatus ; for example, 
damp fogs are less absorbed by solutions, the higher the concentration 
of the solution, and consequently the lower its vapour pressure ; * again, 
the decrease in concentration of the fog in passing through a wash-bottle 
depends almost linearly on the reciprocal of the streaming wlocity, i.e. 

^ Cp. H. Engelhard, Z. EUkkochemie, 1925, 590. 

» H, Kemy and K. Huhland. Z, anorg, Chemie, 1924, 51 ; cp. also A, 

Winkel and G. Jander. Sthwehestoffe in Gasen, p. 73 f. (Stuttgait. 1934) 
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on the time taken to traverse the wash-bottle.* The experiments com- 
municated here show, however, that this interpretation is not valid. 
Under experimental conditions such as we employ, sedimentation plays, 
at most, a quite subordinate part in the decrease in concentration of the 
fog. On the other hand, our experimental results are in complete 
agreement with the assumption that the essential factor is the turbulence 
of the transporting gas. 

The experiments show that the dependence of the fall in concentration 
of the fog on the height of the layer of liquid through which it is bubbled 
is given accurately by assuming that the contact of the particles with the 
liquid depends solely on turbulence, and that sedimentation plays no 
part. The different sorptive action of solutions and pure water is 
therefore not to be attributed to an effect on the sedimentation velocity 
(as a consequence of reduction in the size of the particles by loss of water). 
Moreover, the dependence of the sorption on the streaming velocity in 
our experiments must be ascribed not to the influence which the time 
taken to pass through the sorption apparatus has on the amount of sedi- 
mentation, but to the dependence of the bubble size on the streaming 
velocity. 


I. The Dependence of the Decrease in Concentration of the 
Fog on the Height of the Layer of Liquid through which 
it is Bubbled. 


If a gas bubble carrying a fog rises wdth uniform velocity through a 
liquid, the number of particles coming into contact with the enclosing 
liquid as a consequence of turbulence within the bubble in the time 
interval dt (the time required to travel the distance ds) is proportional to 
the number of particles in unit volume. The concentration decrease in 
the fog is thus given by the equation : 

— dr = a . r . d^, 


where c is the concentration and a is a proportionafity factor. A.ssuming 
uniform turbulence (by maintaining constant experimental conditions), 
the concentration decrease produced by traversing the interval s h 


Jci ^ 


a , ds 


~ In ^ a . 5. 


(la) {lb) Ci-c, = c,(r -«-•••). 

The difference between the concentration, ro, of the fog on entering tha 
sorption vessel and the concentration, on leaving was measured. 
This measured decrease in concentration consists of (l) the decrease 
Cq — Cj, which the fog undergoes from the moment of entry to the 
moment at which it begins to rise with the gas bubble through the fluid, (2) 
the decrease Ci — whilst it ascends through the liquid, and (3) the 
decrease which ensues as the upper part of the sorption apparatus, 

where there is no liquid, is traversed. 

— r, == (co — Cj) + {ci — ' Cj) + (cj — O • • • {^) 

If the experimental conditions, apart from the height of the column of 
fluid are kept constant, then 

<"0 cjfif r, — 


• H. Remy and C. Behre, Kolloid Z., 1935, 71, 129 ; H, Remy and W. Seetnan. 
Kolloid Z„ 1935, 73, 3. 
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where and bf are constants dependent on the experimental conditions. 
Substituting these in equation (2), and combining with equations (la) 
and {lb), we obtain : 

Co- c, = Ct.bi + Co(i - 6i)(i - e-«*) + Co{i - *i)&t • 

= I - e— (I -b,-bo + b,bo) 


-* = I - — bi — bo + bibt) 

= as -jr Inf. r-n TtY 

Co / ^ \(l - bi){l - bo)J 


Transforming from natural to common logarithms, and expressing the 
concentration decrease as a percentage of the initial concentration, we 
obtain 


where 

Of the two coefficients, 
a is a measure of the ab- 
sorption occurring during 
passage through the fluid, 
whilst permits the cal- 
culation of the fall in 
concentration of the fog 
before and after this pro- 
cess. 

Fig. I shows how' ac- 
curately the linear depen- 
dence of the expression 

— log on the 


flu*d, demanded by equa- / j 

tion (3) is verified in our / 

experiment.s using fogs of /r 

sulphuric acid, with water / 

as the sorbent liquid. If i 

sedimentation played a ! Height 

decisive part during the ^ 3^ 

ascen t of bubble ^ — Dependence of the absorption of the fog 

through the liquid, a on the height of the column of liquid through 

curve should have been which it is bubbled, 

obtained, since in such 

clouds a substantial initial increase in the sedimentation velocity can be 
observed.^ 

A preliminary condition for good reproducibility of measurement is 
that the cloud should be produced under the same atmospheric pressure 
as that at which it enters the liquid, and that fluctuations of pressure 
during an experiment are carefully to be avoided. 

Equation (3) permits the determination of the concentration decrease 
which the fog undergoes whilst bubbling thn^h the liquid^ from a few 
xperiments carried out with different heights of liquid. It makes 

* H, Remy, Z. oiiorg. Chemie, 1924. 138, 167, 
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possible the elimination of the other concentration changes consc* 
quent on passing through the sorption apparatus. Theoretically, 
experiments with two different heights of liquid suffice, although in 
practice a larger number arc employed in order to exclude chance errors. 

In equation {3) a has the dimensions of reciprocal length. By 


multiplying - by log 2, we obtain the height of liquid column required to 
oc 

reduce the fog concentration in the bubble to one half. In the experi- 
ments included in Fig. i, this height was 240 cm. (a = 0*0125, /S = 0*017). 

Similarly by vary- 
ing the height of the 
space which the fog has 
to traverse after passing 
through the liquid to 
the outlet of the sorp- 
tion apparatus, that 
part of the concentra- 
tion decrease occurring 
there may be deter- 
mined, In the experi- 
ments of Fig. I this 
height was 5 cm. For 
a liquid column (water) 
of 10 cm. (measured 
from the orifice of the 
inlet tube), was found 
to be 27*^ per cent., 
of w^hich 3*24 per cent, 
was due to tiie concen- 
tration decrease in the 
fog prior to its ascent 
through the litjuid, 
24*20 per cent, to the 
decrerise during passage 
through the liquid and 
only 0*46 per cent, to 
the decrease in the part 
of the sorption appara- 
tus not filled with 
liquid. With a liquid 
column of 25 cm, under 
the fixed conditions, the concentration decrease above the liquid 
amounted to only 0*32 per cent, of the initial concentration in a total 
decrease oi A = 50*29 pe*) cent. The concentration decrease which the 
fog experienced between the times of leaving the liquid and escaping 
from the sorption apparatus was thus relatively slight, whereas that 
which occurs up to the moment at which single bubbles begin to rise 
through the liquid, is by no means negligible. 



Concert tra/ifon rn w^t^ht ^ > 

Fig 2 — Dependence of the ab6or{>tion coefficients 
a and ^ on the concentration of the solutions 
used for absorption of the fog. 


II. Sorption of Sulphuric Acid Fogs by Solphuiic Acid and 
by Caustic Potash Solution. 

Our experiments have shown that equation (3) holds for both sul- 
phuric acid and caustic potash solutions as absorption fluid, the co- 
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efficients a and being affected in approximately the same way by the 
nature of the absorption fluid. This is shown by Fig. 2. Clearly, 
therefore, for the coefficient jS, the decisive factor is the decrease in 
concentration of the fog which takes place, during the time of formation 
of the individual bubbles by absorption on the liquid boundaries. 

Under the experimental conditions of Fig. 2, using pure water as 
absorption liquid, the coefficients had the values a == 0-0077 and 
p =n= 0-089. Using 6-1 per cent, sulphuric acid, a fell to 0-0046 and jS to 
0-050. Using 5 per cent, caustic potash solution, a = 0-0025 and 
P =: 0*016. With further increase in concentration of the absorptive 
fluid, the rate of diminution of absorptive power fell off, as Fig. 2 shows. 
In Table I. are summarised the heights of the columns of liquid, by passing 
through which under the experimental conditions of Fig. 2 a fall in 
concentration of 50 per cent, is occasioned. (Half-value heights.) Thus 
51 per cent, sulphuric acid possesses a five times smaller absorptive power, 
and 40 per cent, caustic potash solution, a 6J times smaller absorptive 
power than pure water. 

TABLE I. — HalF'Value Heights of Different Absorption Fluids. 


Absorption Lit^uid. 

Water. ^ 

Sulphuric Acid. { 

Caustic Potash. 

1 61 ‘ 11-9 1 

|Per Cent. Per Cent.] 

51*5 

Per Cent. 

! 1 

5 

Per Cent. 

xo 

Per Cent 

40 

Percent 

Half-value height in cm. 

39*1 

1 6t>-i } 89-4 j 

202 

II9 : 

196 

257 


The concentrations of the solutions in Table 1 . were so chosen that 
the sulphuric acid solutions and the caustic potash solutions had the 
same .specific gravity, TJiis was done in order to test whether solutions 
of the same specific gravity possess equal absorption coefficients ; they 
do not, and there is just as little agreement in absorptive powers of 
solutions of sulphuric acid and caustic potash when compared at equal 
viscosity, equal surface tension or at equal vapour pressure. 

III. Dependence of the Fog Aborption Coefficients on the 
Streaming Velocity of the Fog. 

The results communicated in the two preceding sections were obtained 
using a streaming velocity of 0*2 litres per minute. The absorption 
fluids were contained in vertical glass tubes of 3-6 cm. width and of 
different lengths. 

A second series of experiments w^as carried out at different streaming 
velocities, using Drechsel flasks as absorption vessels. Table II. clearly 
shows that a is dependent on the streaming velocity. It increases almost 
linearly with the reciprocal of the streaming velocity, i.e. with the re- 
ciprocal of the streaming velocity the bubble size decreasing ^ corre- 
spondingly. The dependence of a on the streaming velpcity is thus 
brought about by the fact that the size of the gas bubble in which the 
fog rises through the absorption liquid, is dependent on the streaming 
velocity. This cannot be ascribed to the fact that the amount of sedi- 
mentation of the fog i.s affected by changing the streaming velocity, since 

» H. Rcmy and W. Seematm, KoUotd Z., 1935. 7a, 283, 
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in contrast to a, the coefficient p exhibits tw such dependence on the 
streaming velocity, as would necessarily become apparent, if the con- 
centration decrease were dependent to any real extent on sedimentation, 
since the time taken for the fog to pass through the sorption apparatus 
was varied ten-fold. 

TABLE II. — The Absorption Coefficients a and fi at Different Streaming 
Velocities of the Fog. 


Stnamias Velocity In 
Litres Per Min. 

i 

OX. 1 

1 

0x33. 

1 

o‘a. 

04. 

x*o. 

a . 

0 0 

6 6 

0 

0*0249 

005 

0*0192 

0*02 

0*0113 1 

0*04 

i 

0*0076 

0*04 


The preceding statements support the view that the values are 
determined essentially by the concentration decrease of the fog before 
it bubbles through the liquid. The possibility of sedimentation after 
passage through the liquid was excluded in the experiments summarised 
in Table II., by keeping the empty space in the wash-bottle as small as 
possible (13 C.C.). If this small volume is exceeded to any considerable 
extent, sedimentation in this space may occur at low streaming velocities 
and affect the value of the sorption found under these conditions. 


GENERAL DISCUSSION, 

Mr. C. F. Goodeve (London) (communicaUd) : Remy's attempt to 
distinguish between sedimentation on one hand, and Browmian motion and 
turbulence on the other, does not seem to have a very gtx)d basis. One 
usually considers that Brownian motion is quite distinct from the other two 
factors. If one increases the particle size and mass, the removal by 
sedimentation and by turbulence increases very rapidly, whereas the re- 
moval by Brownian motion decreases. If this fact is agre^, the conclusions 
that appear in the second and third paragraphs are not valid. 

It does not seem to be very useful to choose the complicated conditions 
which arise in bubbling a fog through a liquid. This is bt>me out by the 
fact that Professor Remy's mathematical equations show that there is no 
agreement between the absorbing power and any one of the physical or 
chemical properties of the absorbing liquid. It would be much better 
to choose simpler conditions such as occur when one passes a fog aver 
a liquid surface at known velocities under reproducible conditions. Ex- 
periments in an apparatus of this type are described in a later paper to 
this discussion by Dooley and the speaker. 

Dr. N. Fuchs (Moscow) (communicaied) : I regret very much that I 
could not become enlightened personally as to the sense in which Rcmy 
uses the word turbulence.'* It could hardly be used in the strict hydro- 
dynamical sense, since within air-bubbles of some millimetres size the 
turbulent state could only be attained at such flow- velocities of the air as 
are practically impossible in the case considered. It seems therefore that 
Remy means by *‘ turbulence ** the irre^lar motion of the air within the 
bubbles which leads to continual intermixing, and to uniform distribution 
of the mist contained in them. If this is so, the exponent!^ law of absorp- 
tion of mists by liquid layers of dMerent height found by Kemy must hold 
good independently of the actual mechanism of the ads(»rptton. 

The intermixing of the mist cannot, however, by itself force the droplets 
to reach the walls of the bubble. For this the droplets must leave the 
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flow-lines of the air directed tangentially to the walls, which is possible 
under the action of three factors only (assuming the droplets are un- 
charged), viz.. Brownian movement, gravity and centrifugal force. It 
seems that Remy has in view the latter. It is, however, easy to see that 
the effect due to centrifugal forces is small in comparison with sedimenta- 
tion in the case consider^ here. 

Near the walls of the bubble the droplets move under the action of 
centrifugal force with velocity w = mvBjf where m and B are the mass 
arid the mobility of the droplets, v velocity of air-flow in the bubbles, r 
their radius. The velocity of fall of the droplets is equal to mgB. 

Assuming t = 0*4 cm. (the average size of air-bubbles in Remy's 
experiments) we come to the conclusion that both effects will be equal at 
r = 20 cm. /sec. It is hardly possible to admit the existence of such 
flow- velocities within air- bubbles of such dimensions. 

It seems, therefore, that sedimentation must play the chief r61e in the 
absorption of relatively coarse aerosols by liquids. It is, however, clear 
that sedimentation accompanied by continuous intermixing of the mist, 
now under consideration, is substantially different from sedimentation in 
still air, although the rate of settling at a given concentration of the mist 
should be practically equal in both cases. The only difference is that in 
the second case the rate of settling is constant (assuming the iso-dispersity 
of the mist and the absence of coagulation), and in the first it changes 
exponentially with time. 

I'his conclusi<m could be verified quantitatively if the exact size of the 
droplets in the experiments of Remy were given. Assuming i/i to be for 
the radius of droplets and 8 mm. for the diameter of the bubbles we can 
calculate that in 5 sec. about 20 per cent, of the mist will be absorbed 
owing to sedimentation. 

Remy says later that if the absorption were caused by sedimentation 
of the mist then, according to his earlier experiments, there would be an 
acceleration of absorption during the rising of the bubbles. This statement 
seems to me not quite correct, since the time during which the bubbles 
move through the liquid in Remy's experiments ‘ is so short (8 sec.) that 
there cannot be any perceptible coarsening of the mist. 

Professor H, Remy (Hamburg), in reply, said : Removal by Brownian 
motion was excluded in my experiments by the particle size. The only 
possible causes of removal therefore, were sedimentation and turbulence. 
In the case of sedimentation we must distinguish between what happens 
during the ri.se of the bubble through the liquid and what happens in the 
liquid-free sj>ace of the absorption apparatus. The experiments described 
in the first and second paragraphs, exclude the influence of the latter 
effect ; those in the third paragraph prove also that sedimentation wdthin 
the bubbles has had no essential influence on the removal of particles since, 
w'ith increasing of the streaming velocity, the times of formation of the 
bubbles decrease from 0'15 to 0*03 sec. The coefficient /5 in the experi- 
ments of the Table II. must therefore decrease considerably, if the removal 
of particles had been caused only by sedimentation, whereas, if turbulence 
had been the essential factor, would be constant, because in this case the 
decrease caused by the shorter time would be paralysed by the increasing 
of the turbulence caused by the higher velocity of the air current. The 
word “ turbulence signifies the irregular motion of the air within the 
bubbles. 

The complicated ” conditions of our experiments were given by the 
problems before us ; we were not only studying the question discussed in 
this pa^ but a number of other questions, the results of which will soon 
be published in the KoUoid Zeitsekrift. 

It is true as Dr. Fuchs says, that my experiments do not decide what 
is the nature of the forces moving the particles through the air film in the 


* Remy, Kolloid, Z.. 1935, 7a, 285. 
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neighbourhood of the bubble wall ; as 1 have said in my paper, this question 
is as yet unsettled. 

In the experiments of the first paragraph, the volume of bubbles was 
0*48 c.cm., the initially falling velocity of the particles on entering the 
absorption apparatus was 3*5 x 10 cm. /sec. If sedimentation only, 
without turbulence in the bubbles had taken place, the decrease of concen- 
tration in 8 secs, would have been 36 per cent., whilst 99 85 per cent, was 
found. According to earlier experiments,* the falling velocity of the mist 
particles increases initially proportionally with time. Consequently, the 
decrease of concentration caused by sedimentation, must follow an equation 
of the form — di; = (aj -f a^t)c . d/, instead of — dc = a . c . d/. These 
questions will be discussed in the above-mentioned forthcoming papers. 

•H. Remy, Z. anorg. Chemie, 19^4. 134, 167. 


FOG ALONG THE MEUSE VALLEY. 

By J. Firket, Professor at the University of Li^ge. 

Received list March, 1936. 

From the 1st to 5th of December, 1930, a thick fog covered a large 
part of Belgium, along the Meuse (flowing from W.S.W. to E.N.E.), 
betw'een Li^ge and Huy, about 15 miles above it. A large number 
of people w'ere injured ; several hundred were severely attacked with 
respiratory troubles, and 63 died on the 4th and 5th December, after 
only a few' hours of sickness. Many head of cattle had to be slaughtered. 
On the 6th of December the fog disappeared ; the respiratory troubles 
improved and, in general, rapidly ceased. Public opinion was deeply 
moved, not only in Belgium, but also in neighbouring countries. 
Wherever fogs of several days duration are frequent, public authorities 
were anxious to know the causes of this catastrophe and several delegates 
were sent to the spot. This apprehension was quite justified, when we 
think that, proportionally, the public services of London, e,g., might be 
faced with the responsibility of 3200 sudden deaths if such a phenomenon 
occurred there. 

A public enquiry w'as opened on 6th December and a group of five 
Li^ge University professors, Messrs. Dehalu, Schoofs, Mage, Batta and 
Firket, brought to this question their special knowledge of meteorology, 
toxicology, industrial chemistry and pathology. These experts had at 
their dispo.sal the most complete mean.s of investigation because tJie 
examining magistrate could require autopsies and have all doors and 
documents opened to him. 

There follows an abstract of the objective statements and interpreta- 
tions to w^hich the experts came. 

Medical Observations. — All the sick people felt a retrosternal pain 
spreading along the edge of the ribs ; they all h^ fits of coughing, dyspncea 
of a paroxystic and expirator>^ character such as asthma, or rcjal polypnea, 
although the latter was less frequent. 

Among those in w'hom asthma was particularly severe, or who pre- 
viously had frequent asthmatic bronchitis, or even who had cardiac in- 
sufficiency or myocarditis, or again who received anti-asthmatic treatments 
too late, the respiratory troubles were complicated by cardio-vascular 
collapse, marked by a rapid pulse, pallor, cold extremities, profuse per- 
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spiration and sometimes, when it had been looked for, dilation of the heart. 
In the sick, whose respiratory troubles did not consist in attacks of asthma, 
but in quickening of the rhythm of breathing, cyanosis was observed, as 
well as a tendency to frothy sputum. 

About fifteen autopsies with microscopical examinations of tissues 
and spectroscopical or spectrographical analyses of blood, and also toxi- 
cological analyses of all organs were performed. The histological examina- 
tions showed that noxious products had been inhaled in the last hours of 
life, and had brought on a local and superficial irritation of the raucous 
membrane of the respiratory ducts exposed to the air inhaled,* The 
microscopical sections of the lungs showed, in addition, the inhalation of 
fine particles of soot even as far as the pulmonary alveoli. 

It Ls to be noted that the first symptoms, shown by the first patients, 
began in the afternoon of the third day of fog, which had then been at its 
maximum opacity for several hours. On the other hand, on the 6th of 
December, when the fog dispersed, respiratory troubles grew rapidly better, 
so that death t(Kik place only on the fourth and fifth day of the fog. More- 
over, the enquiry established that the first symptoms, marked by the first 
patients treated, were observed at the same time along the whole of the 
attacked region, i.e., for about 15 miles. It w^as thus impossible to discern 
the ** diffusion " of a noxious gas in the atmosphere of the valley. 

Meteorological Conditions. — The meteorological conditions exist- 
ing from the ist *0 5th of December were as follows : Fog, starting on 
December ist, anticyclomc conditions i)ersisted, characterised by high 
atmospheric pressures and feeble wind, generally in an easterly direction, 
blowing upstream and slowly spreading smoke coming from the city 
of Liege and the large factories above it into the narrow valley. Moreover, 
a phenomenon of inversion of temperature established at at>out 90 yards 
from the soil a kind of atmospheric ceiling, lower than the hills bordering 
the valley and thus transformed the valley itself into a tunnel. The total 
volume of this tunnel could be approximately calculated therefore. Fine 
^Ud particles, mainly made of soot, had fallen during the five days ol fog 
into the almost motionless atmosphere. Most of them — varying from 
2 to (1 /i— must have taken two or three days to fall from the height of 40 to 
70 yards, if we apply Stokes’s law ; 60 yards is the average height of the 
manufactory chimneys or the industrial region in question. 

The cfnij unction of meteorological conditions observed in the beginning 
of December, 1930, is quite unusual in this district. During the last thirty 
years, (oga lasting more than three days have only occurred five times, 
always in winter (iqoi, 1911, 1917. 1919 and December, 1930). It is 
interesting to note that, because of the war, industry was not very active 
in 1917 and 1919, while in January, 1911, serious accidents occurred similar 
to those of 1930, but with attacks chiefly on cattle. 

Chemical Analyses. — Since the fog itself could not be analysed, the 
chemists sought to ascertain the nature of the gas by analysis of deposits on 
the soil, but this was unsuccessful since tliey could not. in this way, dis- 
tinguish the toxic substances which had been deposited only during the 
recent foggy period. 

They established the balance of the gases which had polluted the 
atmosphere ot the valley, by taking into account the activity of the factories 
of the legion, as well as the number of domestic fires. For the factories, 
the raw materials used during the five days of fog and in many cases, 
intermediate products of gas and smoke were examined ; very few^ results 
were available from the staffs of the factories. For the evaluation of 
domestic pollution, it was assumed that every house burned about 33 pounds 
of coal daily, the volatile sulphur in tlus being taken as about i per 
cent. The total number of houses was furnished by the local councils, so 
that approximate figures of SO, evolution could be arrived at ; however, 
these figures must l>e considered as minima, since the basic figures of 33 
pounds and i per cent, sulphur are relatively low. 
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The chemists succeeded in fixing, among about tUrtjr anbataoK^m fomi4 
to be polluting the atmosphere, the maximum ccmc^tmtioiii leaohed by 
carbon monoxide, carbon dioxide, nitrous gases, sult^ur dioxide, hydro- 
fluoric acid. They concluded that the SO^ evolved in the ja^esence of oxida- 
tion catalysts, such as ferric and xinc oxide, in the fog, the SO| must have 
been partly transformed in sulphuric add.* 

The data thus collected and the toxicological analyses having been quite 
negative, the pathologists and industrial chemists sought to ascertain 
which of the thirty chemical substances left might have produced tlie 
medical symptoms described ; only those had to be considered which 
cause irritation of the respiratory or other mucous membranes. They 
therefore excluded the lack of oxygen and carbon dioxide, carlK>n monoxide 
and divers solid dusts, the latter because of unsuitable anatomical observa- 
tions. They also excluded a series of noxious gases which could not 
have reached their threshold of toxicity, according to the balance established 
previously by the chemists, or because they would have brought on other 
s\Tnptoms or lesions than those pathologically obserx^ed.* 

Very few substances remained . They ra ust have been either in a gaseous 
state, or dissolved in ver}^ fine liquid or solid particles w^hich might have 
adsorbed toxic gases. Among such substances, maybe SOt and its products 
of oxidation, HF, nitrous or ammoniacal vaj^urs, HCl. Cold and dense 
fog could not of itself bring about death within the limits of the time 
obser\'ed, since the fog was just as opaque over all the east of Belgium, 
and should have brought about similar accidents, but this w'as not the case. 

Now, neither nitrous vapours, nor ammoniacal vapours, nor hydro- 
chloric acid had existed in the atmosphere in .sufficient quantity to prcnluce 
the accidents observed along the entire extent of the unfortunate valley, 
at ev'er>' part of it, and at the same moment. Again, hydrofluoric acid 
had been emitted by one single chimney, located about the middle of the 
region in question, but this could not be responsible, since no signs of its 
diffusion in the atmosphere were noted when taking records of the precise 
moment when the first patients felt their first symptoms all along the valley ; 

' The fifteenth annual report of the investigation of atmospheric pollution 
for the year ended 3JSt March, 1929, said (page 2) ; A striking fact which emerged 
very early in the work was that in the place of exj>eriment (tiolborn) at all events, 
sulphur trioxide is not a normal constituent of the atmosphere ; it appears only 
during fog. ’ This result was at the time " .somewhat unexpected.*' to tlie 
Briti.sh observers who had been accustomed for fifteen years to anaU'se the 
atmosphere. 

* The following examples will give an idea of the interjiretation given by the 
experts concerning the calculations of industrial cheiiu-str>\ 

Consider the possibility of a lack of oxygen in the air of the valley, due to 
surcharge* of the atmosphere with large amounts of gases of combustion diinng the 
foggy days. An approximate idea of the maximal amount reached by these 
giiiws of combustion in the valley is ascertained as follows. The total volume of 
the valley is estimated at 3 x lo* cubic metres (about 30 km. long, x km. 
wide and 100 m. high). If the gases of combustion had completely surcliarged 
this atmosphere, none being diffused outside, they would not. according to the 
chemical balance, have exceeded the following maxima : 42 X lo* cubic metres 
for CO,, lo* for CO, 10 x 10’ for nitrous gases, 10* for SO*, i.f.. a total of 
2031 X 10* cubic metres. The oxygen contained in the air of the valley would 
not have decreased by more than 10 per cent., i.s., it would still have constituted 
at leiwt 19 per cent, of the atmosphere, whilst it was long ago proved by Haldane 
and Smith that life is perfectly possible in an atmosphere containing only 15 i)er 
cent, and even less of oxygen. 

Again, if all the CO4 had remained in the valley during the fog (supposing, 
as is urilikely, that no diffusion was possible) the maximum increase in COg for 
the entire volume of the valley would be less than 1*5 per cent. .whereas we know 
that man can live wdihout discomfort in an atmosphere containing 2 per cent. 

Moreover, the medical symptoms were not those usually observed in the case 
of need of oxygen, neither those of an intoxication by COg, 
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It not, towtfvtr, be ^bmAnieiy exdiuled as a mctmdMxf fiotor 
in tiie near nelghbdiiji^^ od the faetorjr whidb it 

There then remaitied only SOt, which iaeiies In the largeet ab niHi a n c e 
in the whole valley as a result of buraing coal. It is moreover probable 
that part of the SOt (but it cannot sald^ even approximatdsr« how 
much) was oxidised into sulphuric acid, the thr^hold of toxicity of which 
is much lower. From the table, we can conclude that only the sulphur 
bodies have been spread in the whole valley, in amount sufhdent to produce 
accidents among those exposed to the polluted atmosphere for several hours, 
while for all the other noxious gases, the amount established by calculation 
always remained far below' the threshold of toxicity. 

Sulphur dioxide probably existed in the air in amount insufficient to be 
noticed by its characteristic smell, but even in such small quantities, its 
toxidty for human bein^^s may lx^ very strong. It has been shown, 
by Lehman and Hess that amounts of SO, from 170 to 640 mgs, per cubic 
metre and dissipated after half an hour or even one hour may be fairly 
hannless, although c\en as little as 20 mgs. per cubic metre may cause 
serious trouble after several hours. 

Moreover, only from the action of sulphur pollution can we explain 


Calculations Kstaplished roR 25 Kms. (about 15 Miles) of the Valley, 
fROM Hrv TO A Point near Li^ge. 


Naxne of 
Substancse. 

1 

Rate of Toaicitr after , 
1 «<pvrral Koun Exposure. ' 

1. . i 

1 

Ifaximtim Amount which 

1 could have been reached ! 
1 after I Day of I-og. j 

Maximum Amount which 
could have been reached 
after 4 Dayx of Fog. 

CO, i 

j 

1 * 2 cent in i 

1 \oUimf* 

1 About 0’4 per cent. 

1 m volume 

About i| per cent, in 
! volume 

CU 

♦ 1 f. 1000 

AlKjut f. 1000 

About 1 f. 1000 

NO, 

12 to cgs. foi I m 

* I to 2 rags. f. I in * 

4 to 8 mgs. for i m.* 

Uh 

1 

Vnkni»wn ; it must 
be alxmt 4 mgs for 

I in » i 

0*08 mg. f. I m.® 1 

0*3 mg. f. I m.» 

SO, 

20 to 30 mgs. foi 1 m * 

I 25 mgs. f I m.* 

100 mgs. f. I m.* 

H,SO, 

j 

i 

4 mgs. f. I m * 

38 mgs. f I m.* 

1 (Sup{>osing the whole 

I 

152 mgs. X. I m.* 

SO, w'ould have been 
oxvdated.) 

1 * 


why the accidents appeared simultaneously along the entire valley ; several 
hours of breathing such an atmosphere, w’here the noxious gases existed 
in relatively low amount, were necessary to provoke respiratory troubles. 
Several hours were also needed before the lower pairts of the atmosphere, 
near the soil, were charged with sufficient quantities of sulphur bodies 
(mainly adsorbed on scK>ty particles ; the latter, issued from the high 
factory chimneys, could only reach the soil after several da^a). Moreover, 
a certain time had to elapse l)e{ore the oxidation factors transforming SO, 
into SO, could act. 

From the pathological standpoint, the two types of respiratory troubles 
noticed favour to a certain extent the idea that the noxious gases were 
sulphur dioxide and sulphuric acid. The physicians of the valley had all 
noticed, during the fo^y days, (a) symptoms due to direct irritation of the 
mucous membi anes with redex symptoms (asthma and subsequent vascular 
collapse), certainly caused by a state of adcalosis in the blo^, ( 5 ) on the 
other hand, symptoms of polypnaea with edema of the lungs, t.s., action of 
noxious gases on the of pnlmonary alveoli and very protebly anoxaemia 
with acidosis of the blood. It is now well known * that irritsmt gases are 


* Especially after the research of Hendenon and Haggard. 
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mainly of two t)^pes according to the region of the respiratory ducts where 
they act : the soluble and dense vapours like H^SO* in fine droplets will be 
fixed by the superior respiratory ducts, trachea or bronchi, while the lighter 
and less soluble gases, i.e., SO, will penetrate into the deep cavities of the 
lungs and produce edema : in the first case, the clinical symptoms will be 
those of asthma ; in the second, those of anoxaemia with acidosis. 

Finally, from the geographical distribution of the gravely attacked 
patients and the dead, one could see that the rate of SO, was higher at 
the extremity of the valley near Li6ge where factories and private houses 
are more numerous, than at the other end near Huy. The geographical 
conditions ot the valley above Li^ge are really very unusual and un- 
favourable when a w'-eak easterly wind and fog appear together.* 

In conclusion, w^e believe that undoubtedly the conjunction during 
more than three days of the same exceptional meteorological conditions 
would cause the same accidents if the industrial and domestic fires are 
equally active. Our measurements led us to the idea that one-fifth of 
the SO, issued in the valley came from domestic fires. Moreover, chemical 
analyses to control the pollution of the atmosphere in Li6ge itself (es- 
pecially of sulphur bodies), show^ed that the latter reached a level in the 
city ten times higher than thirty years ago. The problems and the catas- 
trophe here studied demonstrate once more the social and hygienic im- 
portance of questions connected with atmospheric i)c>llutiou. In that field 
Great Britain is really the leading country'. 

Liege, 27/A March. 

♦The extensive reyx)rt of the que.stion here suminan.sed can be found in pages 
260*335 of Le.s prohlhnea de pollution dc Vaimosphete, by G. Batta, J. Firket and 
E. Loclerc. Edit. George.s Thone, Li^ge, and G. Masson, Paris, 1933 (462 pagvs). 


GENERAL DISCUSSION. 

Professor Firket in introducing his paper, referred to a scale map of 
the Meuse valley. 

Mr. J. H, Coste (Teddington) said : The concentrations of sulphur 
compounds suggested by Firket as pos.sible in the air ot the Meuse valley 
during the fog in question are much greater than we have found in l^jndon 
under any weather conditions. Most people, it is supposed, can smell SO, 
when its concentration reaches 2 volomes per million, but it seems probable 
that sensitivit}’’ varies very much according to customary exposure ; a 
member of my family who has never lived in a large town can smell SO, 
in the white to pale yellow fogs we get in the semi-rural parts of the Thames 
valley, whilst town dwellers are probably less sensitive. 

It seems probable that during bad fogs in industrial or crowded dLstricts 
sulphuric acid is present in irritating amounts.. In the fog of 23rd 
December, 1935, mentioned in my paper, the air, especially around the 
period of high SO, concentration was very irritant, affecting both the 
respiratory passages and the thin skin around the eyes. The effect was 
not unlike one's sensation when evaporating sulphuric acid in small 
quantities in a room. 

In an industrial district there would always be enough nitrous acid in 
the air in still weather for appreciable oxidation of SO, to occur. 

The evidence collected by the commission, which I read when the 
report was issued, was mainly circum.stantial, but I think that an unusually 
big formation, with little dissipation, of sulphuric acid, was the most 
probable cause. 

Dr. F. J. W. Whipple {London) said : The meteorological conditions 
described in Firket's paper are puzzling. It appears Slat there was 
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measurable wind throughout the period, and this seems at first sight in- 
consistent with the hypothesis that the air was practically stagnant in the 
valley. However, Firket has not given any information about the height 
of the Observatory where the wind was recorded, and it may be that the 
air current was persistent above the fog, which was confined to the valley. 
With a sharp inversion of temperature the upper air could glide over the 
top of the fog without dragging it along. It is perhaps important to notice 
that in a fog which is being cooled by radiation from the top and warmed 
by contact with the ground there is gentle convection and the temperature 
is nearly uniform. It is not justifiable to assume that smoke particles 
merely settle down through the fog, they are carried down by the convection 
currents. 

It is difficult to believe that the deaths were due to breathing sulphur 
dioxide, since the conditions in the valley could hardly have been so bad 
as those w’^hich prevailed in the tunnels of the underground railway in 
London in the days ot steam trains, where the sulphurous fumes were 
notorious, but conditions were not found unhealthy by the railwaymen. 
Is it not possible that some noxious product of the furnaces in the Meuse 
Valley has been overlooked ? 

Dr, R. Leasing (London) said that he had directed attention to the 
emission of sulphur oxides in the combustion of fuels ^ six months before 
the Meuse tragedy. In a later paper,* he had shown that the annual 
emission of sul;>hur oxides in Greater London was, at a low estimate 
500,000 tons in terms of H,S04. The reason why free SOj or sulphuric 
acid was so rarely observed in the atmosphere was that it was readily 
neutralised by the lime or other basic dust always present in town air. 
During the first two or three days of the Meuse fog the lime particles 
settled out along with the soot and other solids so that later the sulphuric 
acid could not find neutralising material to act upon. Moreover, the high 
moisture saturation provided an ideal medium for the oxidation of SO, to 
SO, at a higher rate than in dry air, 

Mr. G, Nonhebel [Billin^ham] (communicated) : The statements by 
Professor Firket that 20-30 mg. SO,/M* and 4 mg. SO,/M* air may cause 
trouble after several hours leads to the question : ** What are the safe 
upper limits for the SO, and SO, concentrations in the lee of a large modem 
power station burning coal at a peak rate of several thousand tons per day.'* 
We have found that up to 10 per cent, of the sulphur in the gases from a 
powdered fuel plant may be present as SO,. 

Dr. S. R. Garter (Birmingham) said : Although excessive fog in the 
Meuse Valley is the subject under discussion, the reverse question interests 
me, as on the occasions when 1 have visited Li6ge the atmosphere seemed 
to be remarkably clear considering that it is a large manufacturing town. 
Is the reason for this known ? 

^Second World Power Conference, Berlin, 1930. 

*The National Smoke Abatement Conference, Bristol. 1935. 
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The sulphur in air is mainly present as sulphur dioxide but under 
some atmospheric conditions it has been found that air from which the 
sulphur dioxide has been remov^ed still shows measurable sulphur acidity. 
The acid constituent can be retained on a suitably fine filter, but experi- 
ments made with asbestos, sintered glass, and cotton wool filters confirmed 
our opinion that methods involving such filters are unsuitable when the 
acidity is of the low order found in the atmosphere. Apart from the 
small possibility that the filtering material may it.self yield on extrac- 
tion either alkali or acid to water, it is likely to separate from air all but 
the very finest suspended matter. This may, and probably does, include 
all or almost all the acid which is present in other forms than gas or vapour, 
but it will in most cases include particles which are either basic and when 
treated with water will yield a liquid of greater than 7, or will easily 
be attacked by strong acids with tlie liberation of weaker ones, 
carbonic or silicic acids. 

We have, therefore, sought a means of separating free sulphuric 
acid from the air in w'hich it may be present, without mixing it with the 
many other matters held in suspension in air. Since sulphuric acid is 
a very hygroscopic substance we have sought to take advantage of this 
fact by inducing condensation of water vapour by ( ooling, which should 
incre^ise the mass of droplets of sulphuric acid or other hygroscopic 
nuclei so as to enable them to fall to the bottom of a vessel. 


Experimental Methods. 

Air which had been freed from sulphur dioxide was almost saturated 
with water vapour at room temperature and then passed through a flask 
immersed in ice. A condeiisate representing the greater part of the water 
content was obtained, which when sulphuric acid was found to be present, 
would have formed on nuclei of that compound in droplets sufficiently large 
to be retained in the flask. The condensate was almost free from dust and 
smoke particles, which passed through the flask and could be retained on 
a filter. 

About 1000 litres of air were passed during 24 hours, yielding between 
3 and 10 ml. of condensate. The value w^as measured in the absence of 
carbon dioxide, and samples showing appreciable acidity were titrated 
with N/250 potash from a micro-burette using purified distilled water as 
the blank. In order to detect the presence of sulphates, i ml. of the con- 
densate together with a drop of bs^um chloride solution was transferred 
to a watch glass and allowed to evaporate slowly on an electrically heated 
plate. Crystals of barium sulphate were observed, giving definite proof of 
sulphates in all samples showing acidity. Comparison with dilute standard 
solutions of sulphuric acid precipitated under the same conditions indicated 
that the acidity of the condensates could be attributed to sulphuric 

In the first experiments the compound of hydrogen peroxide and urea 
(Hyperol) was used for the absorption of sulphur dioxide. Hyperol is 
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more stable than free hydrogen peroxide in dilute solution and has a lower 
vapour pressure. Using a solution of about i per cent, in purified water 
and with two gas washers in series, it has been found, from extensive ex- 
perience of sulphur determinations in air, that not less than 99 per cent, 
of the total absorption takes place in the first washer. Since this is true 
for the whole range of concentrations encountered, it can be assumed that 
with two washers gaseous absorption is virtually complete. Air passed 
through these washers yielded, on cooling, condensates with values 
varying in different samples between 4*3 and 5*6. It w^as thought that 
there might be some possibility of sulphur dioxide being oxidised by hydro- 
gen peroxide vapour in the gas phase with the formation of sulphuric acid, 
whi^ would pass through the washers unabsorbed, and when deposited 
by water condensation might be considered as having been present in the air 
originally. Some further tests were therefore made using a solid absorbent 
having no appreciable vapour pressure. Broken pumice coated with lead 
peroxide, in U tubes, was found to be very efficient for the purpose, as air 
which had passed through these tubes yielded no acid to hyperol solution. 
When using lead peroxide for the preliminary removal of sulphur dioxide, 
the water vapour content of the air was raised nearly to saturation by pass- 
age through a wash tube, and when condensation was induced by cooling 
the water formed was found to be slightly acid as in the previous tests. 
The condensates obtained under these conditions had pH values between 
4*8 and 6*0. The-^e values were rather higher than in the first series of tests 
but the difference can be attributed, at least in part, to the filtering action 
of the closely packed tubes.* Further evidence that the presence of sul- 
phuric acid was independent of oxidation in the reaction tubes was obtained 
after using potassium hydroxide solution for the absorption of sulphur 
dioxide. A tube of pumice chips was inserted to prevent the passage of 
spray, and a pH of 5 0 was measured. 

A sensitive test for sulphurous acid is the change in blue shade produced 
n water slightly coloured by starch-iodine. W^hen the condensates ob- 
tained by the above methods were tested with this reagent there was no 
evidence of the presence of sulphurous acid, although this was readily 
detected in samples resulting from the direct cooling of air without previous 
removal of sulphur dioxide. It was estabhshed that oxidation in such 
solutions was not rapid, and the absence of sulphurous acid in the con- 
densates confirmed that the methods for preliminary removal of sulphur 
dioxide were adequate. 

The " Monax " glass used for the apparatus, when thoroughly cleaned, 
was not appreciably affected by the solvent action of cold water ha%qng 
a Ph of the order encountered during the experiments. 

Results. 

The experiments w^ere made, mainly in central London, under a variety 
of atmospheric conditions. The qualitative tests of the condensates ob- 
tained by the above methods consistently indicated the presence of traces 
of sulphuric acid, and the amounts wwe estimated to vary betw^een i and 
20 X lo-* gm. per rooo litres ; the sulphur dioxide in the same samples of 
air varying between o-io and 0*50 mi. {equivalent to 440 and 2200 x lo-* 
gm. sulphuric acid). The maximum amounts of sulphuric acid were usu- 
ally registered in periods of calm and in foggy conditions, while the amounts 
were invariably small after rain. No exact relationship was established 
but. in general, conditions which favoured high sulphur dioxide content 
also favoured high sulphuric acid content. There was some evidence that 

• After the above was written. Mr. H. L. Wright found, in the course of further 
work with one of us on the nature of hygroscopic nuclei, that similar tubes packed 
with lead peroxide cdlowed only from 1/9 to 1/5 of the nudei originally pr^nt in 
air to pass through, whilst the reduction in number of nudei when air was passed 
through hyperol was of the order of 10 per cent. ^ 
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the proportion of sulphuric acid was greater at ground level than at sixth 
floor level. Some observations made at an outlying northerly suburb 
showed that while the sulphur dioxide content was only 0*02 ml. per 1000 
litres (equivalent to 44 x io“* gm. sulphuric acid) the amount of actual 
sulphuric acid was 4 x lo-* gm. 

From the experimental methods employed it may be concluded that 
the failure to retain the acid in the earlier absorbers with the gaseous sulphur 
dioxide was due to the existence of the sulphuric acid, probably associated 
with water, in aggregates of molecules — hygroscopic nuclei. Although 
the extraction of sulphuric acid in the condenser was not entirely complete, 
as was shown by the addition of an extra saturator and condenser, it did 
not appear that the total acid content was much greater than that stated. 

Discussion. 

The presence of such very small proportions of sulphuric acid in air 
containing relativ’ely large proportions of sulphur dioxide may be ex- 
plained on other grounds than the slowness of oxidation of the dioxide. 
When it is considered that facts point to the most obvious oxidising 
agent — nitrous acid — as occurring in air mainly in a liquid, or at least 
non-gaseous, phase, it appears that oxidation must be rather .slow. 

Sulphuric acid, as formed, will rapidly pass almost entirely into a 
liquid phase, although action occurring between sulphuric acid and a 
steam jet near which a drop of the strong acid is brought can only be 
explained by the concentrated acid having an appreciable vapour tension.* 

N. Fuchs and N. Oschman * in attempting to form stable aerosols 
of sulphuric acid found difficulty in overcoming the tendency of droplets 
to combine to form larger ones. They succeeded, however, by rapid 
dilution of concentrated aerosols with relatively dry air, in obtaining 
uniform aerosols containing droplets estimated at 1*5 X cm. radius 
in relatively dry air, which is of the same order as that of the nuclei of 
Aitken * and the large ions of Langerin, wnich arc coicsidored as charged 
nuclei. A million of these per ml. of air would yield concentrations of 
H 2 SO 4 of the order we have found. One of us and Wright found that 
the rate of disappearance of nuclei obtained by burning fuel containing 
sulphur or by projecting SO3 into air was very rapid, and this may be 
due as much to growth by absorption of water until the droplets arc 
large enough to fall through the air with an appreciable velocity, iis to 
recombination, although both these actions must go on. The tendency 
to form ammonium sulphate (ammonia is usually present in air), coales- 
cence with hea\’y particles, including calcium carbonate (from building 
materials) and coke, must not be overlooked. Dusts collected in in- 
habited or industrial districts contain both alkaline and acid particles, 
these latter frequently being coke wdth an acid surface film, as showm 
under tiie microscope by the use of indicators. Frequently they contain 
sulphate. 

The facts, generally, show that a considerable liquid phase of sul- 
phuric acid droplets is very unlikely to occur in air ; the conclusions, 

^ A. G, Francis and A. T. Parsons, Analyst, 1923, 50, 262-72 ; G. Dcfrcn, 
Chem. News, 1896, 74, 230-1, 240, 241 ; W. Hayhurst and J. V. Wng, Trans. 
C. S., 1910, 97, 868-77. 

* J. H. Coste and H. L. Wright, PhiL Mag., 1935, Sec. 7.20, 209-34. 

• R. V. Helmholtz, Ann. Physik u. Chem., 1887, ja, 1-19. 

^ Acta Physicochimxca U.R.S.S., 1935, 3, 61-78. 

*J. J. and G. P. Thomson, Conduction of Electricity through Gases, 1928, 

1S7-9. 
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based, it must be admitted, on circumstantial evidence of the Com- 
mission which reported on the Meuse Valley fog of 1st to 5 th December, 
1930, raise the strong presumption that when sulphuric acid becomes 
an important constituent of fog catastrophic disaster may be expected. 


Summary* 

A method of investigating the sulphuric acid content of the air has 
been devised, which does not involve the use of filters. The free sulphuric 
acid content of London air has been shown to be of the order of 
I to 20 X lo-* gm. per cubic metre. 

This is of the order which would be expected having regard to the num- 
bers of Aitken nuclei and the mass of sulphuric nuclei in artificially pre- 
f>ared aerosols of this acid. 

Chemical Laboratory of the 
London County Council. 

* Bull. Acad. Roy. Med. Belg., 1931, 683-732. 


GENERAL DISCUSSION, 

Mr. C. F. Goodeve (London) expressed incomplete agreement with 
Coste and Courtier in the usefulness of the apparatus they described, and 
he did not agree that sintered glass filters are unsuitable.^ Such filters 
have been used to test the amount of sulphuric acid, in excess of the alka- 
linity, present in London’s atmosphere on a number of occasions during 
January and February, 1934. The extreme simplicity of the filter method 
over any other method makes it well worth considering carefully from the 
point of view of routine observations. On the other hand the apparatus 
described by the authors requires careful watching and is slow with regard 
to the amount of air handled per hour. 

It is agreed that the tw^o methods might give slightly different results, 
but only if acid and alkaline particles exist independently in the atmosphere. 
There is no evidence at present to show whether or not this is the case, but 
the argument given in the paragraph below leads to the conclusion that it 
is unlikely. 

Even if it is considered that the tw'o methods do give different results, 
those obtained by the filter method would appear to have important ptac- 
tical advantages over those obtained by the method described by the 
authors. The importance of knowing the sulphuric acid content of the 
air is largely due to its action on building materials and on living tissues. 
This action will be partly offset by the alkaline particles and therefore the 
net acidity is of importance. 

The sjpeaker called attention to the important observations of Ellis • 
who found that, even in the presence of high concentrations of a sulphur 
dioxide, the sulphuric acid content of London air was immeasurable, except 
in the presence of fog. They found a maximum value of 0-62 volume parts 
per million (calculated as SO,). Some of the values obtained at University 
College during February, 1934. are showm in the table on next page. 

The absence of sulphuric acid before fog particles are formed indicates 
that it cannot be considered as a cause of fog formation but rather as a 
contributing factor to the intensification of fog. The amount of sulphuric 

^ The use of the sintered glass filters is discussed later, p. 1220. 

• 7' he Investigation of Atmospheric Pollution, Report on Observations, 1931, 
p. 38. 
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Date. 

Volume of Air 
litres. 

Time. Hours. 

H,S04 
p.p.m. (vol.). 

Remarks. 

ia/2/34 

3440 

7 \ 

MM 

Slightly foggy. 

i: 4 /a /34 

2360 

9I 


Less . „ 

i 5 /a /34 

3660 



*$ $$ 

16/2/34 

3580 

9 * 


Fog in morning. 

*3/2/34 

1390 

7 

WSM 

Clear. 


acid formed in flue gas is very small and the rate of oxidation in sulphur 
dioxide gas in the absence of liquid water is also small. Dr. Pinck (un- 
published results) found that there was no oxidation in the presence of 
dry catalysts, such as iron oxides, even after a considerable period of time, 
but when water vapour was present sufficient to produce an adsorbed film 
over the catalyst, rapid oxidation at once took place. The formation of 
sulphuric acid in the atmosphere can take place by the condensation of 
water on nuclei (either alkaline or neutral), the subsequent solution of 
sulphur dioxide, and its rapid oxidation catalysed by the solid nuclei. 
If ^s is the case, there is no reason for the exi.stence of independent alkaline 
particles in fogs and the two methods of analysis discuss^ above should 
give the same result. 

Mr. J. H. Goste (Teddington), in reply, said : It is true, as pointed out 
by Mr. Goodeve that sintered glass is a good filtering medium for removal of 
dispersoids from air. In considering the useful work of Ellis (who used an 
asli^tos filter as suggested to the Research Committee by Lambert of 
Oxford) I feel in the light of the certainty that acid and alkaline particles 
do exist together in air (a fact that Mr. Goodeve seems to doubt), that any 
method in which all the dispersoids are collected together is likely to yield 
erroneous results. Mr. Nonhebel has found that up to lo per cent, of the 
sulphur in the gases from a powdered fuel plant may be present as SO». 
the amount of accompanying water vapour being great. This would go 
into the air as droplets, which would only be neutralised by collisions with 
alkaline particles or absorption of ammonia. Again, any sulphuric acid 
formed by the action of nitrous acid would be in droplet form, and neutrali- 
sation in free air would be much slower and less likely than when air was 
forced through a filter which was also separating alkaline particles. 

The oflsetting effect of alkaline particles can only come into play if a^d 
and alkali are in juxtaposition. In collections of rainwater, containing 
the solids brought down with it. I have found alkahne zones surrounding 
particles in an acid liquid ; thus neutralisation does not always happen. 

Mr. Goodeve's observations on fog are very interesting, and I agree with 
him that the presence of abundance of droplets of water with an accumula- 
tion of sulphur dioxide (and nitrous acid) which w^ould occur in a town fog 
is likely to raise the sulphuric acid content from an infinitesimal to a measur- 
able amount. 
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Atmospheric electricity is a subject in which it is difficult to disentangle 
the influence of world-wide forces and of local conditions. In every 
situation there are a number of phenomena to be observed and correlated, 
and at present there is no observatory which can claim that all the 
relevant measurements are being made regularly, or even intermittently. 
Of the elements which can be recorded, potential gradient is by far the 
most frequently observed, but the interpretation of the changes in the 
value of this element is now known to be very complicated. 

It has been realised for a long while that the fact that there is a 
gradient of potential is evidence for the existence of a charge on the 
ground, and of a complementary charge in the atmosphere. Normally 
the ground carries a negative charge, and the complementary charge is 
positive. Observations in balloons indicate that the potential gradient 
falls off rapidly with increasing height, so that the charge in the atmo- 
sphere is mostly at low levels. One way of regarding observations of 
potential gradient is that they are measurements of the space-charge in 
columns of the atmosphere. 

Alternatively, attention may be concentrated on the flow of electricity. 
Owing to ionisation, t^ air is a conductor, and under the influence of 
potential gradient a current flows from the upper air to the ground. In 
a steady state the current must be the same at all heights. This rule is 
in accordance with observation, i.e. in individual ascents the product of 
pirtential gradient and conductivity has been found to be constant, as 
nearly as can be expected from the circumstances of the observations. 

A fundamental problem in Atmospheric Electricity is to explain how 
this air-earth current, which prevails in fine weather in all parts of the 
world, is maintained. It is known that in the upper atmosphere there 
are layers of highly ionised air, of which the most important from the 
present point of view is the Kennelly-Heaviside layer at a height of 
about 100 km. The conductivity of this layer is so good that it must 
be at very nearly the same potential over all parts of the world. 

If electricity flows downwards from the Kennelly-Heaviside layer in 
regions where there is fine weather, the supply must be maintained by 
upward currents predominating in regions where there is bad weather. 

In fact, rain-clouds act as electrical machines pumping electricity up 
towards the K.-H. layer, Wormell has shown that the available esti- 
mates of the quantity of electricity exchanged between clouds and ground 
by conduction currents, by charged rain and by lightning are consistent 
with this hypothei^is, which, it may be noted, does not involve any 
particular theor>^ of the mechanism by which the separation of electricity 
in the clouds is produced. 

The potential of the K.-H. layer being the same in all parts of the 

1203 
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globe, the current which flows towards the ground in any place must 
depend on the conductivity of the air, the current varying inversely as 
the effective resistance of the column of air between the ground and the 
Heaviside layer. The electricity is carried by ions, positive ions moving 
downwards and negative ions upwards ; it is only by the current of 
positive ions that electricity is communicated to the ground, so that the 
strength of the air-earth current is proportional to the potential gradient 
and to the conductivity due to positive ions. This may be expressed 
otherwise by saying that the potential gradient is proportional to the 
current, and to the specific resistance of the air. 



SUMMER . 
I'kG. I, 


It will be seen that, according to the theory which has been sketched, 
the potential gradient at any time and place is 

(a) proportional to the potential of the K.-H. layer; 

{b) inversely proportional to the effective resistance of a column of 
the atmosphere ; 

[c) proportional to the specific resistance of the air near the ground 
for positive electricity. 

It is proposed to apply this theory to the interpretation of observations 
of the diurnal variation of potential gradient at Kew Observatory. For 
this purpose, we shall consider the diurnal variation during four summer 
months and four winter months in 1930 and 193 1 , during which there 
were continuous records ^ of the air-earth current at the Observatory. 

' J- ** Air-earth Current at Kew Observatory/* London Met, 

Office Geophysical Memoirs, No. 58 (1933). 
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Fortunately, these short periods yielded diurnal variation curves which 
were true to type. These are shown in the second lines of Figs, i and 2. 
Both in summer and in winter there are two maxima and two minima 
in the course of the day. 

The Uppennost curves in the diagrams represent the diurnal variation 
of the potential of the Heaviside layer. These curves are not as specu- 
lative as might be supposed. It will be noticed that the absolute value 
of the potential is not involved, we are only concerned for the moment 
with proportional changes. Now, it will be realised that over the oceans 
there is no pollution, and no considerable systematic variation in tem- 
perature, so it may be assumed that at points far from land the total 
resistance of a column of the atmosphere is constant throughout the day. 



DIURNAL V<kRiATION IN 

mmB 

Fig. 2. 


and also the specific resistance of the air in the lowest layer. Accordingly, 
the changes in potential gradient are proportional to the changes in the 
potential of the Heaviside layer. Now, it was established by Mauchly 
that the changes in potential gradient over the oceans depended on 
Greenwich time, not local time, and this is confirmation of our hypothesis. 
The curves to which reference has been made are derived * from the 
observations of potential gradient over the oceans ; the curve used for 
comparison with the Kew potential gradient on summer depends on 
observations during the months May to October, and that for com- 
parison with the Kew gradient in winter on observations during the 


• Whipple, Met, Soc., 1929, 55, 9. 
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months November to April but the difference in type is slight, so that 
no serious error can be introduced by this selection of months. 

The curves indicate that the potential of the K.-H, layer is lowest 
about 4 h. G.M.T., and highest about 19 h. G.M.T. As was first noticed 
by Appleton, this is consistent with the ideas that the potential is 
maintained by the action of thunderstorms, that in any place on land 
thunderstorms are most likely in the late afternoon, and that the most 
thundery regions are in Africa and South America. 

The next step is to consider the observations of the air-earth current 
at Kew. As will be seen from the curves in Figs. I and 2, the types of 
variation of the current in summer and winter are very different. In 
summer the current behaves in much the same way as the potential 
gradient at the same station, in winter there is a reversal. 

Regarding the current as produced by the potential of the K.-H, 
layer, we investigate the changes in the resistance of a vertical column by 
dividing the potential by the current. We learn in this way that the 
resistance is least in the early morning, and increases fairly steadily 
through the day, the maximum being reached about i8 h. 

The specific resistance of the air in contact with the ground is found 
in the same way by comparing the potential gradient at Kew with the 
air-earth current. The specific resistance has two maxima and two 
minima in the twenty-four hours. 

Thus it appears that the morning minimum and the evening maximum 
of potential gradient at Kew are due in part to the corresponding ex- 
tremes of the potential of the K.-H. layer, but the morning maximum 
and the evening minimum are due entirely to local conditions. 

At the time of the morning maximum of potential gradient the 
specific resistance near the ground is high, whilst the total resistance is 
low (in summer) or moderate (in winter). At the time of the afternoon 
minimum of potential gradient the specific resistance is moderate, 
whilst the total resistance is above the mean for the day. To explain 
the variations in the total resistance, we notice that the conductivity of 
the air depends on the number of small ions which it contains. The 
number of small ions depends on the rate at which ions are produced, and 
on the rate at which the lives of the small ions are terminated by their 
combination with nuclei, charged and uncharged. "We do not know 
whether the rate of production fluctuates through the day at moderate 
heights in the atmosphere, but we do know that the number of nuclei 
will increase owing to the way they are steadily produced by fires and 
by the use of gas. According to the work* of Coste and Wright, nuclei 
are mostly nitrous acid HNO, formed by the combination of the 
atmospheric gases nitrogen, oxygen and water vapour and therefore 
nuclei can hardly be regarded as pollution. They are produced, however, 
at the same time as the sooty particles which are pre-eminently pollution. 
The way in which the total resistance changes indicates that over a 
London suburb the number of nuclei increases steadily from the time 
when fires are lit in the morning until about l8 h. in the evening, and that 
the air clears gradually during the night. It is probable that at night in 
summer the nuclei are mostly sea-salt, as they are at all times over the 
oceans. 

The double oscillation in the specific resistance of the air near tlie 
ground has been explained by Simpson. There is a rapid increase in the 

» Phii . Mag ,, 1935, 7, 20, 209. 
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resistance in the morning, but this increase is interrupted when the sun 
is up and the warming of the ground produces convection currents 
which carry pollution and nuclei upwards and allow purer air to descend. 
Convection becomes less vigorous in the late afternoon, and pollution 
increases to reach a maximum in the evening when domestic fires and 
domestic cooking-stoves are still active. The evening maximum is a 
little later in winter than in summer. 

In this discussion we have dealt only with the proportional variation 
of the elements concerned. In considering the mean values, we are 
handicapped by not knowing at all precisely the mean value of the 
potential of the Heaviside layer at different seasons. There is reason to 
believe that the potential is higher in the northern winter than in the 
northern summer, for it is found both in the Arctic and in the Antarctic 
that potential gradient is higher in the former season, and the same 
relation has been observed over the oceans. On the other hand 
Mauchly’s final analysis^ of the Carnegie observations of potential 
gradient indicates no appreciable annual variation over the oceans. 
Balloon observations of potential gradient lead to an estimate of about 
2*5 X 10* volts for potential at 10 km. Above that level the gradient 
is very small. We take 3 x 10® volts for the potential of the Heaviside 
layer at all seasons. 

The best esti.nate of the air-earth current over the oceans can be 
obtained from the mean potential gradient and the conductivity due to 
position ions and is 

1*3 X 1*8 X io-^* = 2-3 X amp./cm*. 

The following Table is completed * by taking Scrase’s estimates of the 
potential gradient and air-earth current at Kew. 


Mean Values. 



Oceans. 

Kew Obseivatory. 


Sununer. 

Winter. 


Potential of the Heaviside layer 
Potential gradient 

Air-earth current 

Effective resistance of air column 
Specific resistance { -f ions) . 
Conductivity (+ ions) . 
Conductivity in electrostatic units 

3 

13 

2*3 

1*3 

0- 56 

i'8 

1- 6 

3 

2’46 

1- 48 

2- 0 

1 1-66 
•60 

*54 

1 

3 X 10* volts. 

470 volt /cm. 

74 ' : lo-** amp./cm.* 

4*0 X io*'ohm. cm,» 

6*35 X io**ohm.cm. 

•16 X io-'*ohm.-icm-' 
'14 X io“*sec.“^ 


It will be noticed that whereas the specific resistance at Kew is increased 
fourfold between summer and winter, the total resistance of the air- 
column is only doubled. 

The minimum resistance, at 5 h., in winter, is nearly equal to the 
maximum resistance, at 18 h., in summer. Further, the winter maximum, 

* Camefu Inst, D$p, Terr, Maen„ Washington, 1926, 5, 403. 

• Loc, c%U Tables IV. and II. It is to be noted that an exposure factor has to 
be applied to the data in these Tables. The conductivity is derived httt from 
seasonal means of current and ix>tertial gradient, whereas in Scrase's Table III. 
the values of conductivity for the months were averaged. 
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at 19 h., is about 6 X 10*^ ohm. cm.* whereais the summer minimum, at 
2 h., is only 1*4 X lO*^ ohm. cm.* almost the same as the resistance over 
the oceans. Here, again, we have a fourfold increase. 

So far, we have been concerned with the variation of the effective 
resistance of an air column. This effective resistance is virtually defined 
by the equation 

V = iR, 


V being the voltage at the top of the column, and i the air-earth current, 
and it is important to notice that R is not the same as r, the integral of 
the specific resistance at all heights. This integral is defined by 


-Ik 


dz 


+ A,' 


in which and Aj are the conductivities due to positive and negative 
ions respectively, and h is the height of the column. That R and r are 
not the same, is on account of the “ electrode effect.’* Owing to the fact 
that negative ions cannot pass upwards from the ground itself, the 
current at the surface is conveyed only by positive ions. At a moderate 
distance from the ground there is an excess of positive charge, and in 
addition to the conduction current there is a diffusion current carrying 
positive electricity upwards. Above the region in which the “ electrode 
effect ” is appreciable the potential gradient is related to the conductivity 
by the equation 

i 

dz A| -f* Aj* 

whereas at the surface 

dz A|* 


To allow for the transition, which must be gradual, we may adopt the 
hypothesis that at any height the gradient is given with sufficient accuracy 
by the formula 


i 

Aj “f* Aj 


+ *f exp (- */a), 


A being a constant and c the value of A,/[Ai(A| + A^)) near the ground. 
This formula, which reduces to the two preceding ones if « 00 and if 

2 -►0 respectively, does not imply that the A’s are constant. By inte- 
grating the last equation, we find that 


J? 3= r + or. 

By adopting a simplified theory concerning the nature of the electrode 
effect, I calculated that the value of a would be of the order 30 metres. 
In this calculation,* it was assumed that Aj and A| were independent of 
height, and that the coefficient of eddy-diffusion was also constant. 
It is known, however, from experiments at Kew that at that station, at 
any rate in the middle of the day, the potential gradient is nearly the 
same at 10 metres and at the ground. If our method of approximation 
dV 

to the value of — is valid, then a must be considerably greater than 
30 metres. Let us suppose that a = icx> metres, then w’ith the average 


• Terr. Mag,, 1932, 37, 355. 
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summer values of the conductivities c is about 0*7 x ohm. cm., and 
ac » 0*7 X 10*® ohm. cm. As R in the same season is about 2 X I0“’ 
ohm. cm., r is then about 3 per cent, less than R. 

In winter there is generally less diffusion by eddy motion, and it may 
be surmised that a = 50 metres. In this season the average value of c 
is about 2*5 X 10*® ohm. cm., so that, according to our surmise, 
oc == 1*25 X 10*® ohm. cm. With R at the average winter value, 
4 X 10*^ ohm. cm. r is again 3 per cent, less than /?. 

As to diurnal variation of ac^ it is to be noticed that when the air is 
stable at night, a is likely to be small as well as c, so that the product 
ac is small then ; in the morning c increases before there is much con- 
vection ; later in the day, c decreases and convection increases ; there is 
therefore not much to guide us in deciding at what hour ac is likely to 
have its maximum value. It may be that ac, like R, increases through 
the daylight hours. There is no reason to suppose that the difference 
between R and r is at any time much greater than the 3 per cent, which 
has been estimated as the average proportion, but it may well be that 
the difference can reach, say, 10 per cent. In that case, a considerable 
part of the regular diurnal change of R must be ascribed to the varying 
vertical extent of the electrode effect. In using the generalisation which 
has been put for^^ard, that the resistance of the atmosphere increases 
throughout the hours when pollution is occurring, it must be borne in 
mind that the generalisation refers to the effective resistance R, and not 
to the true electrical resistance r. Whether r really behaves in the same 
way must be left undetermined. 

This discussion is, it must be admitted, rather inconclusive. It 
may serve, however, to draw the attention of physicists to the difficulty 
of interpreting such simple observations as those of potential gradient. 
Systematic observations of what was then called electric tension were 
commenced at Kew Observ^atory in 1843. 3^re still a long way from 
fully understanding their significance. 

Keu^ Observatory. 


ON SULPHURIC ACID MIST. 


By a. Dooley and C. F. Goodeve, 

Received 2nd Aprils 193^. 

Sulphur trioxide vapour, when passed in an air stream through water, 
is not appreciably absorbed, but is converted into a mist which is stable 
to acids and alkalies. On the other hand, when the vapour is passed 
through 98 per cent, sulphuric acid, it is practically completely absorbed. 
A number of theories have been suggested to explain this behaviour ; 
for example, Sackur ^ thought that the sulphur trioxide was converted 
into an insoluble form, A more acceptable explanation was put 

forward by Walker, Lewis and McAdams,® who state that : 

^ O. Sackur, ^ Elektrochem., 1902, 8, 77. 

• I, E. Adadurov and D. V. Gemet, /. Chem. Ind. Russ., 1931, 8, No. i8, p. 12. 
hold somewhat similar ideas. 

» W. H. Walker, W. K. Lewis and W. H. McAdams, Principles of Chemiced 
Engineering, 1923, p. 42, 
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If one attempts to dissolve the trioxide in water or dilute sulphuric acid, 
the trioxide vapour first comes in contact not with the liquid but with the 
water vapour which has evaporated from the liquid into the gas. It 
reacts with this vapour, producing minute droplets of sulphuric acid in the 
form of a fog, and these droplets are effectively insulated from the ab- 
sorbing liquid by the gas film. One must therefore use as an absorbent 
(for the trioxide) * a liquid, the water vapour pressure of which is negligible, 
i,e,, strong sulphuric acid. This is the reason why for absorption one 
must use acid betw'^een 97 and 98 per cent. If more dilute, the pressure of 
water vapour is sufficient to produce a fog, if more concentrated the partial 
pressure of SO, over it is great enough to prevent complete absorption." 

Recent experimental evidence strongly supports this latter explana- 
tion, and makes it possible to account more fully for the formation of 
sulphuric acid mist, and its various properties. In the first part of this 
paper, the whole mechanism is discussed, and in the second, the equili- 
bria that obtain under various conditions have been calculated. 

In problems dealing with sulphuric acid, it is very important to 
distinguish, as has been done by Miles,® between the absorption of 
sulphur trioxide vapour and the removal of sulphuric acid mist. These 
problems are quite separate, and their solutions generally lie in different 
directions. 


The Formation of Sulphuric Acid Mist. 

Goodeve, Eastman and Dooley* have recently studied the kinetics of 
the reaction between sulphur trioxide and water vapours. It was found 
that the primary reaction 

HjO (vapour) + SO3 (vapour) H3SO4 (vapour) 

was approximately stoichiometric and very fast. Under the conditions 
described (i.^., at low’ pressures of reactants and a carrier gas pressure 
of about 5 mm.) about i collision in 100 between reacting gas molecules 
was found to be effective. This velocity corresponded approximately to 
the rate of termolecular collisions. It would probably, therefore, increase 
as the first pow’er of the concentration of each of the reactants and of the 
pressure of the carrier gas. The fact that the reaction was not altered 
by careful purification of the gas to remove all particles of dust, led to 
the conclusion that the reaction was mainly homogeneous. These char- 
acteristics of the reaction resulted in a very narrow reaction zone, whose 
position was determined by the relative concentrations of the reactants 
and the diffusion velocities. The stoichiometric character of the reaction 
required that the rate of arrival of each of the reactants in the reaction 
zone should be the .same, and, if the concentration or flow’ rate w^ere 
altered, the zone would change its position until these conditions were 
fulfilled.* 

The rate of arrival of w^ater vapour at the reaction zone is a function 
of the concentration gradient which, in turn, depends on the rate of 
evaporation of w’ater from a liquid surface. This latter problem has 

* The words in brackets are the authors. 

* F. 1). Miles, Manufacture of Sulphuric Acid {Contact Process), 1925, p. 209, 

* C. F. Goodeve, A. S. Eastman and A. Dooley, Trans. Faraday Soc., 1934. 
ao, p. 1127. 

* See Fig. 2, previous paper. 
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been studied recently by Alty and co-workers,’^ who find that the rate of 
evaporation is approximately one-thirtieth of the rate of surface collisions 
for the saturated vapour. On the other hand, they find that the ac- 
commodation coefficient for transfer of energy of collisions of water 
molecules with a water surface, is unity. The accuracy of their experi- 
ments was not high, owing to necessary extrapolations, and it would 
appear that the value (^^0) for their first coefficient represents a minimum. 
The rate of evaporation of water into a vapour whose pressure is I mm. 
below the equilibrium pressure can, therefore, be calculated to be at 
least 2 X molecules per second per sq. cm. Unless the rate of 
arrival of sulphur trioxide is greater than this, the water surface will 
always be protected by a layer of water vapour. 

This forms a starting point for the development of a three-stage 
mechanism of mist formation. The high velocity of the reaction pro- 
ducing molecular hydrogen sulphate does not permit the sulphur trioxide, 
as such, to reach the water surface. This hydrogen sulphate will be in 
a state of supersaturation and its concentration will increase until it 
reaches a critical value, whereupon condensation will occur with the 
production of agglomerates or nuclei of hydrogen sulphate. This is the 
second stage. The delay which occurs in reaching this critical point 
gives rise to the periodic phenomenon described in the previous paper. 
A few molecu’es of hydrogen sulphate will, however, penetrate the 
protecting water layer and enter the liquid water. The number that do 
this will depend chiefly on the distance between the reaction zone and 
the water surface. 

The concept of the formation of nuclei of an involatile material as a 
necessary preliminar\" to the formation of a mist has been advanced by 
'Townsend,* and supported by Rothmund • with regard to mists of sul- 
phuric acid and iodic acid, and by Philip and co-workers ^ with 
respect to mists of hydrogen chloride. 

The average number of molecules in these nuclei depends upon a 
number of conditions as yet not fully understood. This number may 
depend on the rate of condensation as normally controlled by the partial 
pressures, the number of foreign nuclei such as dust or ions, the rate of 
cooling of the carrier gas,^* etc. Some important factors affecting its 
value are discussed by Freundlich.^* In addition, a theory based on 
initial aggregation of molecules has been proposed by Volmer.^ A 
theory of this type is favoured here, as it gives a simpler explanation of 
the delay in precipitation found in the periodic phenomenon The size 
of the nuclei is of major importance in determining the equilibrium 
conditions of the mist, as will be discussed below. 

The third and final stage in the process occurs when the agglomerates 
of hydrogen sulphate are carried by the air stream into a part containing 
excess of one or other of the reactants. This is absorbed until equili- 
brium is attained, resulting in the production of particles of strong light- 
scattering power wffiich form the well-known sulphuric acid mist. 

» T. Alty and F. H. Nicoll, CaiMd. J. Res,, 1931, 4, 547 ; T. Ally and C. A. 
Mackay. Proc. Roy. Soc., 1935. 149A, 104. 

• J. S. Townsend, Proc. Camb. Phil. Soc., 1900, 10, 52, 

• V. Rothmund, Z. Elektrochemie, 1917, 33, 170. 

»• R. W. Aldis and J. C. Philip. 1930, p, 1103. 

“ C. N. Jackson and J. C, Philip, J.C.S., 1934, p. 341, 

See B.P. 429 267 to Metallgcs. A. G. 

*• H. Freundlich, Colloid and Capillary Chemistry, 1926, p. 769, 

** M. Volmer, Z. Elehtrochem., 1929, 35, 555. 
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The two types of mist described by Remy,^* and called “ wet ” and 
dry ” mists, correspond to the cases where the hydrogen sulphate 
nuclei pass into an atmosphere containing excess water vapour and 
excess sulphur trioxide, respectively. “ Wet ** mist consists, thereforCj 
of droplets of sulphuric acid in various stages of dilution, and the “ dry ” 
mist, of droplets of oleum. Although these two mists are different as 
regards composition and some properties, their modes of formation are 
strictly analogous. For example, the periodic phenomena could be 
produced in an identical manner simply by reversing the relative 
concentrations of reactants. 

The above mechanism has been demonstrated by a simple experiment 
in which air-sulphur trioxide mixtures were passed into a tube in which 

was placed a drop of water, as 

; • shown in Fig. i. The clear space 

Air ♦ ^ j - between the reaction zone and 

^ r.ael.on xot>e' waUr TCadily 

visible, as was also the carrying 
away in a thin layer of the sulphuric acid mist from the water. The 
drop was found to evaporate rapidly. Generally, however, the drop did 
not evaporate completely as some sulphuric acid diffused through to 
the water, was dissolved and lowered the vapour pressure of the water. 
This lowering resulted in an approach of the reaction zone and a still 
greater penetration of the sulphuric acid. Eventually, the whole system 
ceased to produce mists in the tube. 

As was to be expected, the same phenomenon could be demonstrated 
by having water vapour in the air stream and a drop of strong oleum 
(about 50 per cent, free 503) in the tube. 

The efficiency of removal of sulphur trioxide from an air stream is, 
according to the above mechanism, almost entirely dependent on the 
lowness of the vapour pressure with respect to SO3 or H3O. The im- 
portance of low partial vapour pressures of the absorbing medium has 
often been emphasised. Miles has shown by a series of experiments 
that the efficiency of absorption increases very rapidly with decrease of 
temperature. In the design of commercial plant, special precautions 
are taken, as described by Fairlie/^ to ensure that the final absorption is 
done with cold acid. 

Presumably a solution of any non-volatile substance which will 
reduce the vapour pressure of water to a very low value could be used 
as an absorbing medium — ♦^hat is, the power of absorption may not be 
specific to sulphuric acid. 

The Stability of Sulphuric Acid Mist. 

The stability of mists to alkalies, etc., has at times been attributed 
to adsorbed air films, electrical charges, etc.^® The existence of strongly 
adsorbed air films at liquid surfaces has not been proved, and is not to 
be expected, the low solubility of air in liquids indicating a low attraction 
between air molecules and liquids. Air cushions between colliding 
droplets of reasonable size are well known, but their effect in preventing 
contact cn collision decreases very rapidly with decrease in droplet size. 

H. Remy, Z. Elektrochem,, 1922, 28, 467. 

F. D. Miles, loc, cit,, p. 250, 

A, M. Fairlie, Sulphuric Acid Manufacture, 

See W. E. Gibbs, Clouds and Smokes, 1924, p. 9b. 
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A thermodynamic metastability of aerosols due to adsorbed electric 
charges of one sign, as occurs with ordinary liquid colloids, is not possible 
in a medium of very low dielectric constant. In addition, Remy and 
Koch found that mist particles of sulphuric acid were uncharged. 

The whole subject of the stability of aerosols has been made clear by 
the work of Tuovila and of Whytlaw-Gray and collaborators.*® It has 
been found for stearic acid that every collision between mist particles 
results in their coalescence, and that the so-called stability can be 
entirely accounted for by the low diffusion velocity and low collision 
frequency of the particles. This indicates that adsorbed air films and 
electric charges, if present, were without effect. 

Although no quantitative experiments have been performed for 
sulphuric acid mist, there is no reason to doubt that the same conditions 
apply, and therefore we can assume that the “ resistance ” of sulphuric 
acid mist to scrubbing agents is simply an indication of the low diffusion 
velocity. 

Equilibrium Conditions for Sulphuric Acid Mist. 

Although the stability of mists with time is only an apparent one, 
the particles themselves come into true thermodynamic equilibrium with 
the reactant vapour which happens to be in excess. The case in which 
water vapour is in excess is considered in the following. It is possible 
to obtain an equilibrium even when the partial pressure of water is 
equal to that over a pure water surface. Townsend ® derived an ex- 
pression for the radius of a droplet in a water-saturated atmosphere, in 
terms of the osmotic pressure “ of the soluble body.** He equated the 
increase in vapour pressure due to curvature, as given by the Kelvin 
equation, to the lowering of vapour pressure of water corresponding to 
the osmotic pressure. Rothmund • obtained a similar expression,*^ 
using Raoult*s law and the Van t*Hoff factor z. For an iodic acid mist, 
he found agreement between values for the radius so obtained, and as 
calculated from the rate of fall using the Stokes-Cunningham relation- 
ship. These equations can only be used for large particles where the 
approximations are valid, and for droplets in equilibrium with saturated 
water vapour. Under conditions other than these, as is shown below, 
the equilibrium radius is practically independent of concentration, except 
for droplets containing a given number of sulphuric acid molecules. 

In order to follow the increase or decrease of size of a isiist particle 
resulting from a change in the vapour pressure, it is necessary to proceed 
in another way. For a given droplet, the one important quantity which 
does not vary is the content of hydrogen sulphate, i,e,, the size of the 
initial nucleus. This may, however, vary considerably for droplets formed 
under various conditions. The variables concerned are inter-dependent, 
and this inter-dependence is not of a simple form. It is not useful to 
attempt a single equation to express the conditions obtaining in sul- 
phuric acid mist. It is, however, possible to construct a series of curves 
showing the growth of droplets of sulphuric acid mist derived from 

H. Remy and C. Koch, Z. anorg, Chem,, 1924. 139^ 69. 

•• This question has been fully discussed in Smoke (1932), by Whytlaw-Gray 
and Patterson. 

Care should be observed in using Rothmund's equations, as he has omitted 
the density in two of them. His last equation is correct as the density would 
have cancelled out. 
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hydrogen sulphate nuclei of various sizes in the presence of water vapour 
at various pressures. 

The Kelvin equation for variation of vapour pressure with curvature 
is derived thermodynamically “ in, for example, Guggenheim’s Modem 
Thermodynamics,^ This equation may be written — 


P lydv 
RT log- -B* = 

r dn 


(0 


where R is the gas constant, T the absolute temperature, P and P^ the 
vapour pressures over the droplet and corresponding plane surface 

respectively for the same strength of solution, y the surface tension, ^ 

dv 

the partial molar volume and r the radius. The quantities Pq, y and 

are all functions of concentration, and these functions can only be ex- 
pressed in the foriii of experimentally determined curve.s. These have 
been drawn in Fig. 2, the temperature throughout being 20'^ (\ The 

values of P0were taken from 
the International Critical 
Tables, of y from the results 
of Linebarger “ (corrected 
for the now accepted value 

for water), and of from 


dn 

the specific volume-concen- 
tration curv’c by the method 
of intercept.^.** In obtaining 
h'ig. 2, the values of the con- 
centration in grams HjS()4 
per C.C., were first plotted 

against logjg - (where is 

the radius of the initial 
nucleus of hydrogen sul- 
phate), a purely geometrical 
calculation. Values of the 



*^•^2 of Ae»< 

<n I 


other variables were then plotted through this concentration on the 

T 

~ scale. All of the essential data are shown in this figure. 


The quantities y and are also functions of the radius. The amount 

of the correction for change of surface tension with curvature has ap- 
parently not been calculated, but w*ould be of minor importance at 
diameters above 10^ cm. — that is, where the curvature is small com- 
pared with that of the molecules. The correction for variation of partial 


** A number of kinetic deri\mtions have also been made. For example, see 
b. W. (^rba^hew, Kolhid 1935, 73, 363. 

“ E. A. Guggenheim, Modern ThermodynamicM, 1935, p. 170. 

^ Vol. III., p. 30a. 

" C. E. LiaeWger, 1 ,A,C.S., 1900, aa, 5. 

Lewis and Handalf. Th€rmo4ynamic$^ p. 3 S. 
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molar volume with curvature is also very small, and most likely much 
less important than the change of surface tension. These corrections will 
be neglected here as we are generally dealing with droplets of sufficient 
size to give a strong Tyndall beam — i.e,^ greater than cm. The 
effect of electrical charges is also not considered.*® 

Values for the equilibrium pressure P, over droplets of radius r, 
arising out of an initial nucleus of hydrogen sulphate of radius have 
been calculated for a series of selected v^alues of the latter, using Equation 
(1). The resultant members of a family of curves are shown in Fig. 3, 
the equilibrium vapour pres.'^ure being plotted against the logarithm of 
the droplet radius. The curves trace the history of the growth of the 
sulphuric acid droplets, excluding coagulation by collision, and show the 
equilibrium size to be expected when the droplets are carried in a gas 
containing water vapour at various partial pressures. When air carrying 
droplets of sulphuric acid mist is passed through liquid water, it becomes 



satuTtUed with water vapour to a partial pressure, as indicated by the 
horizontal broken line. Water vapour will condense on the mist 
panicles until their radiirs is raised to the value given by the point where 
the curve crosses this horizontal line, Tlie parts of the cur\'es above 
this line represent an unstable state, and the droplets will lose water 
until they reach the equilibrium radius. The rate of evaporation of 
water from such droplets will be a function of the distance from the 

Kiitschevftki* KoUotd J?., 1034. 68* 15. has calculated a correction for change 
of volume with curvature, based upon an equation taken from Lewis and Randait 
(he nf., n, 15a). Hciwe\*er. he has apparently confused pamal molat volume and 
total volume. At all events, the equation ^ven by Lewis and Randall cannot 
be accepted if lor no other reason than the fact that it is derived from the variation 
of free energy lor a change in a s>*stem which cannot possibly be considered as 
reveniMie. 

The effect of charges has been calculated by J . J. Thomson, ComducHm of 
Bhctrieiiy ikromgk Grnm, iqaS, Vol. I., p. 325 
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appropriate point on the curve to the horizontal line, and will pass 
through a maximum as a large drop evaporates. 

A similar set of curves may be plotted for the case of HjS04 nuclei 
in an atmosphere containing gaseous SO,. The vapour pressure of SOj 
over the various strengths of oleum would then be represented by 
and the other physical properties of this material would be used where 
required. These curves would be useful in considering the general 
properties of oleum mists. 

A comparison of Fig. 3 with Fig. 2 will show that the variation of 
vapour pressure with concentration is the major factor in determining 
the equilibrium pressure of the drop. The concentration does not 
depend markedly upon radius for a given partial pressure, and a deter- 
mination of concentration cannot readily be used to determine the size 
of the droplets. A heterogeneous mist containing particles w^hose sizes 
are spread over a wide range will give effectively the .same value for 
concentration as a homogeneous mist, so long as none of the droplets 
are below cms. A number of experiments in which the mist was 
carefully collected and analysed and the water partial pre.ssure measured, 
were carried out, and were in conformity with these conclusions. 

For all of the curves .shown in the figure, there is a definite point of 
intersection wnth the saturated vapour pressure line, but the angle of 
intersection and the height of the maximum decrease vcr>" rapidly with 
increase in initial hydrogen sulphate content. This maximum has no 
special significance beyond .showing the amount of super-saturation 
which it is necessar>' to obtain in a gas before the particles can grow' 
indefinitely. A pressure line corresponding to a supersaturation below' 
the miiximum (such as the line SS, Fig. 3) wall cut a curv'e in two posi- 
tions ; only one of these, A, however, represents a stable system. This 
is the one corresponding to the smaller radius. A droplet whose condi- 
tions correspond to the point of intersection, B, would have the same 
vapour pressure as the surroundings, but, if an infinitesimal amount of 
water is added to, or subtracted from the droplet, it will immediately 
become unstable, and will cither increase to infinity or decrease to the 
radius of the point, A. Tlie point B represents a type of false equili- 
brium, and droplets at this point are in an unu.sual position in .so far as 
the addition of w’ater reduces their water vapour pres.sure and vice versa. 

A number of interesting conclusions concerning the removal of sul- 
phuric acid mist can be drawn from these results. Mist particles can be 
removed either by reducing their size so that their Brownian movement 
becomes very high, or increasing their size so that they settle out by 
gravity or can be thrown out by centrifugal force. Sufficiently small 
particles cannot be obtained merely by drying if the initial nucleus is 
greater than about 5 X cms. radius, and below this size the vapour 
pressure of the medium does not make a ver>" great difference to the 
Brownian movement of the droplets. It is more usual to remove sul- 
phuric acid mist by settling or by centrifugal means.** A first require- 
ment in obtaining large particles is to start with large hydrogen sulphate 
nuclei ; the degree of supersaturation required being smaller, the larger 
tlie nucleus. Subject to the considerations given in a following para- 
graph, the particles can then grow to infinite size with a very small degree 
of supersatursition. 

Tile curves explain the results of Remy,** who found that pure water 
»• See paper by one of the authors (C. F, G.). this volume, p, laiS, 
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absorbed sulphuric acid mist much better than did concentrated sulphuric 
acid. A casual examination leads one to the reverse conclusion, as the 
intensity of a mist is always increased by passing through water, whereas 
it is decreased on passing through sulphuric acid. This is due, of course, 
to a very large change of particle size. 

The absorption of mist by water has been demonstrated in the course 
of this research in a simple way. A long horizontal tube was half filled 
with water, and a stream of air containing sulphur trioxide passed in 
one end. The growth of mist particles along the tube was readily 
visible, and at low flow rates they fell to the water surface completely 
before reaching the end of the tube. With 30 per cent, sulphuric acid, 
on the other hand, no such growth or falling of the particles was 
observed. 

These experiments illustrate the contrast between the absorbing 
media mo<t suited for the removal of sulphur trioxide and sulphuric 
acid mist, respectively. For the former, extremely low water vapour 
pressure is essential, whereas for the latter saturated or supersaturated 
water vapour pressure is more effective. The overall efficiency of a 
washing tower will pass through a minimum as the absorbent liquid 
is changed continuously from 98 per cent. H^SOi to pure water. 

It remains to consider how long it will take for equilibrium to be 
established when the conditions of the carrier gas are changed. The 
rale of evaporation and condensation of water vapour from pure water 
has been determined experimentally by Ally and co-workers,’ and it is 
probable that for sulphuric acid the rate will be the same when multiplied 
by the relative v'apour pressures. Very approximate calculations from 
their results indicate that in one second after changing the conditions of 
the carrier gas, equilibrium within a few per cent, will be re-established. 
Probably the most serious cause of lag in the establishment of equilibrium 
will be the change of temperature of the droplets due to the condensation 
or evaporation of the vapour, A theoretical treatment of this has 
recently been made by Fuchs.*® Townsend ® showed that iodic acid 
mists could be rendered invisible merely by a passage through concen- 
trated sulphuric, acid, but that, on replacement of the water by subsequent 
bubbling through the latter, the original intensity of visible mist W'as 
obtained. Such experiments have been repeated with sulphuric acid 
mi.Ht in the present work, and it wiis found that strong drying agents, 
such as phosphorus pentoxide and concentrated sulphuric acid, readily 
reduced the size of the particles until they became invisible, and on 
passing over water, the mist again grew' to its original density. These 
experiments were carried out in a long tube and the rate of increase of 
the size of the particles covild be e;isily seen. The experiments were 
purely qualitative, but suffice<l to show that equilibrium was re-estab- 
lished in a few seconds. 


Other Mists. 

Any volatile anhydride which reacts extremely rapidly and practically 
irreversibly with water vapour, producing a non-volatile substance, will 
almost certainly be only partially absorbed when passed in an air stream 
through water. Acetic anhydride, chlorine heptoxide and nitrogen 
pentoxide are additional examples of substances which act in this way. 

•• K. Fuchs, Pkysikal, Z. Sowjetunian, 1934, *^4- 
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In all these cases it is likely that the mechanism is the same as that 
described for sulphur trioxide in the first part of this paper. 

It would also be instructive to draw vapour pressure- radius curves 
for mists arising from the anhydrides mentioned in the preceding para- 
graph. These curves would be similar to those in Fig. 3. As far as is 
know^n, the mists behave in the same way. Mists formed by the hydrogen 
halides with water (generally in the presence of foreign nuclei) belong to 
a more complex but especially interesting group. In these cases, both 
vapours are present in the gas phase. If the partial pressure of one of 
these vapours is taken as constant, curves representing the change in 
partial pressure of the other with radius could be plotted for droplets 
arising out of non-volatile nuclei of various sizes. These would be some- 
what similar to those in Fig. 3. In the absence of nuclei, the cur\^es would 
not fall below the equilibrium pn^ssures for flat surfaces, and therefore 
no mist particles could be obtained except at high supersaturatioiKs. 
This is in agreement with the results of Aldis and Philip.^® Askew 
found that mist formed more readily with hydrogen bromide than with 
the chloride. This follows from the much lower partial vapour pressure 
of the bromide over its aqueous solutions.** It may be that the dis- 
crepancy between the calculated and observ^ed sizes of hydrochloric acid 
mist droplets found by Jackson and Philip would be removed if 
consideration were given to the above points. 

Summary* 

Recent measurements of the velocity of the reaction l)etween sulphur 
trioxide and water vapours and the phenomena accompanying the pro- 
duction of sulphuric acid mist, are shown to support the explanation of 
Walker, Lewis and McAdams for the non-ah8or|>tion of sulphur trioxidc 
in w'ater and its absorption in concentrated sulphuric acid. It is also shown 
that the size of the initial hydrogen sulphate nucleus is the important 
factor governing the change in droplet size with the change in the water 
vapour pressure of the medium. Curves have been drawm showing the 
growth of mist particles under various conditions, and their technical 
importance discu.s$ed. It is suggested that these consulerations can 
applied to other mists. 

Tht Sir William Ramsay laboratories 
of Inorganic and Physical Chetnisiry^ 

University College, London. 

H. O. Askew, J.C.S., 1927. p, 9O6. 

” Measured by S. J. Bates and H. D. Kinchmann. J.A.C.S., 19*9. 4L *99*' 


THE REMOVAL OF MIST BY CENTRIFUGAL 
METHODS. 

By C. F. Goodeve. 

The problem of removing droplets of oil or other liquids from sur has 
been recognised as a diihcult one. Very small drops (radius less than 
io~* cms.) with high Brownian motion arc easily removed with filters, 
they collide readily with the walk. Large drops (radius greater than 
10”* cms.) have a negligible Brownian motion, but may be taken out 
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easily by centrifugal separation. The removal of droplets of sizes in 
the intermediate range has not been completely accomplished, except 
by electrostatic precipitation methods. In this paper, centrifugal 
methods developed in the course of work on mists of various types are 
described. 

Impinging Gas Stream Methods. 

The method for the detection and removal of mist droplets, in which 
the air stream is caused to impinge as a fine jet against a clean glass plate, 
has been applied by many experimenters with considerable success. The 



FiC, I. — CroHS-sectum of separator unit for the removal of mist droplets. E — 
Entry. 1>— Instance lugs. T -Collecting plate. \V— Adjusting washers. 
C — VVall of container. 

action depends on the centrifugal force on the particles during the rapid 
change in direction. This t^'pe of apparatus was mtxliiicd by Calder and 
Fox * for use in the technic^ removal of sulphuric acid mist. In their 
ori^nal design, they used a large number of holes in plates arranged in 
series. They tove improved their apparatus from time to time, and, in 
perticttlar, ttey have found it more useful to apply a very high centrifugal 
force for a short period rather than a lesser force for a longer period. 

The appararits of Calder and F'ox has the disadvantage ti^t relatively 
wide jets have to be used to prevent stoppage and to give a reasonable 
capacity to the apparatus. These wide jets cause a reduced efficiency. 

1 Calder and Fox, 19x6, 126,320; 1922, 206.229; 1923. 228,646; 1924, 

240,224* 
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In the apparatus described below* this difficulty has been avoided by using 
a narrow annular jet which allows a high capacity with a very short distance 
for the droplets to move transversely through the airstream. This apparatus 
has been used for some years on a technical scale to remove the mist 
droplets in the compressed air supplies (5 lbs. per sq. in.) of this laboratory 
and a number of others. 

The final design of the app>aratus* as prepared and made by Messrs. 
Rea veil & Co., Ltd., Ipswich, is shown in the figure. The annular jet is 

in. wide and 12*4 ins. in circumference. Most of the pressure drop 
(generally 2 lbs, per sq. in.) takes place in the jet, producing a linear velocity 
of 370 ft. per sec. at the orifice. The air impinges against a collecting plate 
fitted close to the jet. The flow of the air is split into two parts, moving in 
opposite directions and at right-angles to the original flow, while the mist 
droplets carry on until they strike the collecting plate. The maximum 
thickness of air through which the droplets roust pass is in. The air 
returns through the centre of the jet and along the outside, while the col- 
lected liquid falls through openings from the plate. The capacity of this 
separator unit for a 2 Ib.-pressure drop is 30 cubic ft. free air per min. 
Generally two or three of these are used in parallel and are connected 
directly to the compressor. 

Tests have been made on the content of oil droplets in the compressed 
air supply (arising from the high-speed rotary compressor) frcun time to time 
during the past three years. The separator units have been found to remove 
all oil droplets large enough to settle out and produce oil films in glassware 
and apparatuses commonly used with compressed air in the lalxjratoiy. 
Occasionally, how^ever, it has Ixfen found pt>ssibie to detect traces of oil 
by the jet and glass plate method referred to above. The units have not 
b^n found to remove completely the dust generally found in laindon's 
asmosphere. The efficiency may be increased by using a higher pressure 
drop and a smaller jet. The dimensions given, however, arc convenient 
for general purposes. 

The units have been examined every year and only a ver>* small amount 
of grit has been found to collect in the annular jet. They have not been 
found so efficient for the removal of oil droplets in high-pressure air, owing, 
presumably, to the higher density of the medium through which the droplets 
must pass and to the greater turbulent motion produced at the jet. It may 
be pebble to modify the design by the application of hydrodynamic^ 
principles to produce a device suitable for this purpose. 

Filters. 

The action of filters in removing mist droplets is mainly centrifugal ■ — 
droplets much smaller than the sizes of the pores being readily removed. 
A very simple and efficient filter has been formed from a layer of glass or 
silica powder on coarse sand. The finest grade of Jena sintered glass filters, 
No. 4, has an equally high efficiency and is very convenient to use. The 
pore size of this filter has been estimated by the makers • to be 2 to 5 x 10 
cm 

These filters have been tested with various mists. For example, sul- 
phuric acid mist has been made under controlled conditions and tested 
before and alter passing through the Jena filter, with a Tyndall beam from 
a Pointolite lamp. The size of the mist droplets was reduced continuously 
by lowering the partial pressure of the reactants until the blue mist just 
disappeared. It is estimated that the size of the droplets before the mist 
disappeared was cms. In alt cases no trace of a T3rx^dall beam could be 
seen in the air wffich had passed through the filter* SimiUr tests were 
made with hot exit flue gases from a power station boiler* with the same 

* W. E. Gibbn, Clouds and Smofut, 1924, p. S8. 

* See J. W. McBain and C. R, Dawson, Proc, Roy, Soc., 1935* I48A« p. 3** 
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resiilt. Some filters have, however, been found to pass a certain amount 
of dust from the atmosphere, as detected by the single jet described above. 
Particularly is this the case when the filters were new and dry, but their 
efl&ciency always increased when used. 

Although no evidence has been obtained to show the removal of droplets 
whose size is below that necessary to give a Tyndall beam, it is unlikely 
that such droplets pass through the filter. Freundlich * has shown that, 
with a coarser filter, the optimum transmission occurs for droplets of 
io~* cms., and that droplets below this size are readily trapped by their 
Brownian motion. 

These filters have often been used for determining the amount of sul- 
phuric acid present in London's atmosphere in the presence and absence 
of fog. A high velocity of flow was obtained by connecting the filter to 
the suction side of a vacuum pump, the discharge side being connected to 
a gas meter. They have also been used to measure sulphuric add mist in 
exit flue gases. They have the important advantage of being inert to adds 
and they are readily cleaned. They may find uses in other problems con- 
nected with the analysis of mists. 

It is important to recognise that filters do not give the concentration 
of the ’mist droplets but only the total content of the non-volatile com- 
ponents. 

{Added tn Proof,) 

Removal of Fogs and Smoke by Falling Drops* 

The interesting problem of the removal of smoke or fog particles by 
falling raindrops has been referred to by Dr. Dobson. A particle in the 
path of a falling drop will be caught, providing its inertia is sulBficient to 
overcome the outward flow of air in front of the drop. It can readily be 
seen that the chance of a particle being so caught will be unity if it lies 
on the axis of the path, but will fall rapidly as its distance from the axis 
increases. The chance will also increase as the velocity of the falling drop 
is increased. The relation in this case is. however, rather complicated. 
Heavier particles will, of course, l)c trap|>ed more easily than lighter ones. 

A few experiments were made with an apparatus in which a drop of a 
definite size could be maintained on the end of a very fine capillary tube 
in an upward flowing air stream containing sulphuric acid mist It was 
found possible to vary the size of the drop and the velocity of the air 
stream over quite wide limits. Measurable quantities of sulphuric acid 
were found in the drop after a short run but the effects of the variables 
referred to above were not studied. 

The Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry^ 

Unitfersity College, 

London. 

•H* Freundlich. Colhtd and Capillary Chemistry, 19^6, p. 785. 


GENERAL DISCUSSIONS 

Or. B. W. Bradford {Biilingham) said : The curves given by the 
authors (Fig. 5) for the gn>wth of sulphuric acid droplets refer rigidly only 
to aerosols at infinite dilution. In practice, aerosols of the concentrations 
usually encountered in any but meteorological work aggregate so rapidly 
that vapour-pressure equilibrium cannot be attained except in the final 
stages of growths when the particle concentration has diminished to very 
low magnitudes. 


* On the preceding papers. 



1222 


GENERAL DISCUSSION 


Particle size determinations by several methods on a highly concentrated 
sulphuric acid mist (15 g./M*) produced by hydration of SO, in the presence 
of excess water vapour, gave concordant results, which agreed well with 
the rate of aggregation calculated from the £instein>Smoluchowski formula. 
A particular search was made for inhomogeneities of droplet radius : it 
was found, however, that the variations were less than the experimental 
error of about 5 per cent. 

In the practical determination of mist concentrations in saturated 
gases by methods involving a sudden pressure drop {e,g, filtration or 
impingement) it is important to note that the apj>arent mist concentration 
may he appreciably increased by condensation of vapour due to cooling 
by expansion at the orifice. This source of error is usually greater than 
that due to the fact that vapour pressure equilibrium in the aerosol refers 
to a highly curved surface w^hile in the mist'^sampling apparatus the surface 
on which the scrubbed mist collects is approximately plane. 

Professor H. Kohler (Uppsala) said : How does Dr. Goodeve explain 
the condensation in a Wilson chamber, where the supersaturation is so 
great. Again, does the Aitken Nucleus Counter really give the number 
of nuclei ; it is generally believed that the numlxjr of droplets formed, 
is the same as the number of nuclei. 

Mr. G. F. Goodeve (London) (ctnnmunicaUd) ; Clusters will \yc stabilised 
if given an electric charge, owing to the increased attraction to the polar 
W’ater vapour molecules. Nuclei will, in general, facilitate condensation 
and, if present in sufiBcient numbers, prevent the attainment of the degree 
of supersaturation necessary for the growth of clusters to droplets. Under 
most conditions, therefore, the Aitken Nucleus Counter will probably give 
the correct result. 

Dr. N. Fuc^ (Moscow) (communicated) : To the three stages of forma- 
tion of a sulphuric acid mist mentioned by Dooley and Goodeve, one more 
must be necessarily added, namely the coagulation of the growing nuclei and 
of the finally developed droplets. The r 61 e played by coagulation in the 
formation of the sulphuric acid mist can be seen, e.g., from our experiments 
in which, by a quick mixing of two air-jets containing vapours of water 
and sulphur trioxide at partial pressures of atK)ut i mm., a primary mist 
was formed containing about 10** dn^plets per c.c. of 1*2 to 1*5 x 10 -•cm. 
radius. Such a mist coagulates with a tremenduous velocity, and in one 
second the number of particles per c.c. is reduced about a hundredfold* 
and the mass of the droplets accordingly increased. 

Mr. A. Dooley {BtrmtPtgham) (communicated) : It is incorrect to say 
that the Calder-Fox Scrubber is limited to " wide jets used to prevent 
stoppage and to give a reasonable ca|>acity to the apparatus." In a 
modified form, now in general use, the scrubber is built up of glass strips 
arranged to give narrow* sli^s behind which are supported further strips 
on edge. This design permits the adoption of the most suitable dimensions 
and clearances for any particular pur|x>se. Units with 1 /32-inch slits arc 
in use on, for example, sulphuric acid concentrators but, if necessary, 
1/64 -inch shts could be arranged by using ground glass strips. 

Bh Peking of the slits by solid matter depends on slit dimensions, and on 
the position and arrangement of the striking or *' back " plate. In the 
Calder-Fox ap|>aratus to above, overlap of the back ** strips is 

a minimum. No advantage in this direction could be claimed for Mr. 
Goodeve's apparatus. 

While admiring the design of Goodeve's apparatus in so far as it is 
applied to the particular purpose stated, vis., the removal of oil mist from 
30 cubic feet of air per minute, I feel it necessary to point out that there 
would be serious limitations to its application to systems on which the 
Calder-Fox Scrubber is employed. On a technical scale gas volumes of 
upwards of 1000 cubic feet per minute are frequently handled, and it is 
evident that a circular form of apparatus would be unwieldly if in one 
unit or, if the necessary capacity were obtained by multiplication of 
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smaller units, unnecessarily complex. Furthermore, the question of 
materials of construction would require consideration if corrosive fumes 
were to be handled, and here also the Calder-Fox Scrubber appears to have 
the advantage. 

Dr, N. F^chs (Moscow) {communicated) ; The chief r 61 e in the removal 
of the droplets of 10 cm. radius and less by means of porous and fibrous 
filters is played, not by the centrifugal forces, but by the Brownian move 
ment of the droplets. Thi.s may be seen, e.g., from the fact that such 
droplets pass the filter more easily the larger the linear velocity of flow 
through the filter. Centrifugal forces would evidently give the opposite 
relationship. The same conclusion may be reached theoretically by calcu* 
lating the effect due to inertial forces by the method of Albrecht. ‘ 

It is difficult to estimate correctly the efficiency of the glass Alters 
spoken of by Goodeve in respect to sulphuric acid mists, because he does 
not indicate the velocity of flow in his experiments. It is doubtful 
whether the finest mists in these experiments consisted of droplets as large 
as 10-* cm. As was shown in our laboratory,* no T5mdall beam can yet 
be observed in highly concentrated (lo* droplets per c.c.) sulphuric acid 
mists vdth droplets of even 3 x 10 -• cm. diameter (arc lamp illumination.) 

Mr,*C. F. Goodeve (London), said : 

In reply U> lh\ Bradford and Dr, Fuchs : The vapour of a droplet formed 
as a result of a c<dhsion l>etween two droplets remains practically unchanged 
except when the droplets are below visible dimensions. This can be con- 
tinued by a careful examination of Figs. 2 and 3. It is, of course, im- 
|X>ssihle to represent, in a single diagram, all variables which occur in 
practice. 

In reply to J>t. Bradford : I have erapliasised in my paper on centri- 
fugal methods that it is impossible to determine a mist concentration 
(expressed either as number of droplets or grams, per unit volume) by any 
apparatus in which the droplets are removed. This arises from the fact 
that removal invariably alters the surface area and curvature. Centri- 
fugal methods can only be used to determine the concentration of a non- 
volatile constituent oi a mist and, of course, condensation of vapour due to 
cooling docs md in any way enter. 

In reply to Mr. Dooley : I agree that the modified form involving the 
use of glass strips is a considerable impnivement over the previous type of 
apparatus. I'nless wedge shaped glass strips are used, how’ever, there will 
be a very large loss jiovver in obtaining the linear high-speed flow desired 
for efficient removal, 

* Albrecht. PkM^tkal. /, , i<»3i. 32. 4^ 

* Fuchs and Oshman. .itia PhysinKh$mtca U H S.S,, 1935, 3 h*. 


PART n. : THE INDUSTRIAL ASPECTS OF DIS- 
PERSE SYSTEMS IN AIR AND GASES. INTRO- 
DUCTORY PAPER. 

By R. LESsisr,. 

Received I4lh Aprils 1956. 

Disperse systeiits in gases in their relation to the problems of industry 
and the amenities of life have not yet received the close study which 
their ubiquity and practical importance demand. The present survey 
is therefore not mtended to be k record of work done, but to indicate the 
problems which still await solution and the directions in which the results 
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of fundamental investigations can and should be applied in practice. 
The dispersoids to be considered comprise solids, liquids, solids covered 
with liquid films and liquid droplets containing solid nuclei. 

Some of these systems happen to occur in many industrial operations, 
some form natural phenomena of climatic conditions, others are undesired 
concomitants of the atmosphere peculiar to civilised conditions of life 
and work, whilst yet others such as war gases and smoke screens, are set 
up intentionally as products of the latest developments of human 
activity. 

Dust. 

The most common and quantitatively most important solid disper- 
soids are dusts. Systems containing these are probably also the simplest, 
and may therefore be considered first. 

The most prolific source of dust production by man is grinding for 
size reduction, and this operation is carried out in the manufacture of 
flour, cement, fertilisers, coal, lime, chalk, gypsum, pigments, dyes, glass 
and pottery materials, rubber fillers, fish meal, potato meal and others. 
The total production of these materials in powder form approaches 
20,000,000 tons per annum in this countr>\ 

All these industries comprise processe.s in which at some stage dust is 
dispersed in air. For reasons of economy, health and comfort, it is 
necessary to recover this dust and purify the air ; hence, apparatus for 
dust collection is an essential component of their equipment. 

Other types of dust, produced by abrasion, occur in the surface 
grinding, polishing and sandblasting industries. The quantities involved 
are of a much smaller order, but collection is not less difficult on account 
of the multiplicity of point sources of dust emission and their proximity 
to the respirator}^ organs of the workers. 

Into this category falls the dust formation by drilling shot holes in 
mining and quariying operations. In coal mining and handling, dust is 
raised in large quantities and high concentrations during blasting, loading 
and unloading, and particularly in screening. Some of tliis is formed by 
the disruptive action of explosives on the shale or sandstone and on the 
massive coal, and some i.s due to the dispersion of the more friable com- 
ponents of the coal seams. An intentional application of dust takes the 
form of “ stone dusting ’* of underground roadways and working places 
for the prevention of coal dust explosions. There is at least one form of 
dust, viz., road dust, that is rapidly diminishing, and has already dis- 
appeared from our principal highways, w^hich arc no longer constructed 
with waterbound, macadamised surfaces liable to severe attrition. 

A problem affecting eveiy individual is that of domestic dust and its 
collection after settlement by sweeping or by modem suction methods. 


Smoke* 

True smokes, defined as dispersions in gases of solids formed by con- 
densation and aggregation or coagulation occur in practice mainly in 
metallurgical operations in which metals or metallic oxides are volatilized 
by heat, either in bulk as in the ** distillation '' of zinc, or as the result of 
unavoidable side-reactions, as in most smelting operations. The recovery 
of valuable metals dispersed in waste gases as smokes is an important 
adjunct of modem metallurgy. 
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Common domestic “ smoke ** cannot strictly be grouped among the 
true smokes for reasons discussed below ; the only true type of carbon 
smoke is the system formed by complete thermal decomposition of hydro- 
carbons or other volatile carbon compounds in which no liquid products 
arc left. 

Fog. 

Fogs are usually regarded as dispersions of liquids in gases, but it is 
questionable whether pure liquids are capable of fog formation without 
the aid of heterogeneous nuclei. Neither in meteorology nor in industry 
can systems be contemplated which are free from solid particles or sub- 
stances soluble in the liquid dispersoid. Any definition of fogs as the 
formation by condensation of liquid droplets in the gas phase, must 
therefore comprise the presence or formation of dust or smoke particles, 
or of compounds soluble in the liquid phase. In practice, matters are 
complicated by the presence of a number of different kinds of particles 
or compounds, some of which are frequently unidentified and of unknown 
structure, composition and effect. The meteorological aspects of fog 
formation do not come within the scope of thi.s paper, except as far as 
the supply of solid nuclei and of sulphur oxides from flue gas emission is 
concerned. The bulk of the chloride nuclei are, of course, derived from 
sea w^ater spray, but some hydrogen chloride is due to chloride in coal 
released upon its combustion. 

An industrial fog of considerable technical importance is the tar fog 
in crude coal g;vs and coke oven gas. The tar droplets formed in the gas 
leaving the carbonising retorts or ovens by the rapid drop in temperature, 
give it the typical reddish-brown colour. I am not aware of any precise 
work on the structure of the droplets, their size distribution, and rate of 
coalescence, but there cannot be any doubt that the free carbon 
particles formed by the thermal decomposition of the primary’ decom- 
position producl.s of coal, are the nuclei on which the liquid tar, together 
with water, or ratiier a solution of ammonium salts, condenses. The 
free carbon ” still contains several groups of asphaltic or bituminous 
substances. 

The dispersoids of tar fog arc therefore themselves a multiphase 
system ; the principal phase is a complex mixture of hydrocarbons, 
oxygenated bodies, bases and pitch, and has a wide boiling range* They 
are dispersed in a gas phase containing, inter alia, the lower boiltrg hydro- 
carbons, wdiich arc solvents for the condensate. This system, which 
rapidly passes through a temperature gradient from 900® C, to 15® C., 
offers an interesting field of investigation. The persistence of some 
residual tar fog through the condensing system and the following gas 
purifying train, has recently led to the installation of electrical tar 
precipitaton for the almost qu*intitativc extraction of tar in fog form. 

The formation of " gum in coal gas is a phenomenon which has 
only recently become apparent since the adoption of the practice of 
eliminating naphthalene and some of the benzene hydrocarbons from the 
gas. The cause of ** gumming ** is not yet fully explained, but it is 
probably due to the action of nitrogen oxides on certain gas constituents ; 
the reaction products are peculiar in coalescing from the dispersed state 
to tough masses when the gas passes through narrow orifices or channels. 

In the manufacture of sulphuric acid, and particularly of oleum, the 
waste gases carry droplets of the acid in fog form. Presumably there are 
sufficient fine dust particles present, some of which are lifted from the 
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catalyst or catalyst carrier, which act as nuclei for the drop formation. 
This industry and the sulphide roasting industry were among the first to 
employ electrical precipitation for breaking up these very persistent acid 
fogs. 

Oil fogs occur widely ; the most common form is that of the exhaust 
from motor engines, where solid nuclei are always provided by the 
“ carbon ” formed on incomplete combustion of the petrol air mixture. 
The oil fog from the lubricants of gas compressors is probably formed by 
a different mechanism. Decomposition at high temperatures does not 
take place and the cause must be sought in the stripping of the oil film 
on the cylinders at critical gas velocities. 

The persistant fogs resulting from fatty acid distillation, rosin dis- 
tillation or gum running must be classed as smokes, inasmuch as the 
dispersoids in the cooled system are more or less solid. 

The Flue Gas Problem. 

The burning of fuels results in the creation of disperse systems in 
gases ’whose practical importance is only equalled by their theoretical 
interest and technical complexity. Even in the case of the combustion 
of gases — complicated enough per $e^ but relatively simple in comparison 
with that of solid fuels — disperse systems may be set up in the absence 
of a suitable excc.ss of, or inadequate mixing w^ith air, resulting in a 
smoky flame. 

Liquid fuels in drop form are dispersed in air by spraying into the 
combustion chambers of furnaces or into the cylinders of internal com- 
bustion engines. The velocity and completeness of combustion depend, 
apart from the chemical and physical characteristics of the fuel itself, 
upon the subdivision and disposition of the liquid in the gaseous phase. 
The mechanism of “ knock ” during combustion under high compression 
has been studied intensively during recent years and the various theories 
advanced for it depend on the correct interpretation of the structure and 
behaviour of the disperse systems involved. 

The combustion of coal provides a vast field for the study of disperse 
system.s in gases. Quantitatively, its importance may be gauged from 
the fact that the portion of coal emitted from industrial and domestic 
chimneys constitutes the great bulk of the polluting matter dis|>erscd in 
the atmosphere of civilised : auntries. For a thorough understanding of 
the kind and amount of this emission it is necessary to consider the 
chemical and physical characteristics of the fuel itself, its behaviour 
during the combustion process and the products resulting from it. 

Coal is in every respect a heterogeneous material, as is obvious 

from the great variety of vegetable matter which has formed the raw 
material, the manner of its de|x>sition and the different btological, chemical 
and gcoph>^ical agencies which combined to transform this material into 
coal as we find it. The different kinds of coal characterised containing 
four distinct rock types (vitrain, clarain, durain, fusain) in different stages 
of coalification (rank) determine the behaviour of the fuel during the 
combustion processes. With each of these are associated inorganic sub- 
stances of characteristic com|mition and in characteristic proportiani^ 

S :ether with adventitious mineral impuriti^ derived from the strata 
ow, above and between the coal seams. 

The mechanism of comtmstion in a fuel bed is complicated by the fact 
that combination with the oxygen in the air can only take plai^ on the 
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surface of a piece of coal. The rise in temperature causes layers below the 
surface to be subjected to thermal decomposition (carbonisation) by which 
combustible gas and tar are liberated. Under the aerodynamic conditions 
controUing the burning mechani.sm, some of this volatile matter escapes 
so rapidly from the high temperature rone that its combustion is not com- 
pleted. Unless it is subjected to contact with hot surfaces such as a 
furnace arch, and possibly to the action of secondary air, a portion will 
e^ape in form of tar suspended in the flue gases. Some may be heated 
Ingh enough to suffer seconds^ thermal decomposition, but only after a 
time lag long enough to permit its escape from the combustion zone. In 
this case soot " is formed. Firing conditions permitting the escape of 
t^ vap>our or soot do not obtain in modern, well-conducted furnace opera- 
tions. They are, however, the concomitant of the customary management 
— or lack of it — of the open fire in the domestic hearth. The tar content 
of deposits from the atmosphere of towns can therefore be traced back 
with certainty t(j this source and its amount forms a measure of the 
chimney cmissi<in from dome.stic fireplaces in which raw coal is burned. 

The portion of the organic coal substance which is emitted from 
industrial furnaces or any fires operated with air and flue gas currents 
of high velocity, is in form of coke particles or partially burned coal 
particles. 7 he former arc frequently cenospheres formed by the swelling 
and blowing into Hubbles of individual coal particles during a carbonising 
stage which was arrested when the empty shell w^as completely coked 
and had assumed rigidity, the hollow particle escaping from the furnace 
and combustion by reason of its baltoondike structure and low volume- 
weight. Coke cenospheres arc formed in great number in pulverised fuel 
fired furnaces, where the sub-division of the raw coal into fine dust 
particles favours the occurrence of this phenomenon. 

Relative to its proportion in the coal fired, the ash contributes a 
much greater quota of polluting matter than the combustible coal 
substance. The reasons for this arc closely bound up with the character 
of the various mineral substances in the coal components and their 
behaviour during combustion. 

The position is (airly simple in the case of buring coal in powder form. 
Here small coal particles, irrespective of the components they represent, 
are individually subjected to combustion dispersed in about 13,000 times 
their own volume of air, so that they are rapidly and fairly completely 
burned. £^ch particle of coal leaves its ash, again in particulate form, 
suspended in the flue gas. Owing to differences in their composition, 
th^e ash particle behave in different manner. Those of low fusion 
point are at the furnace tem|HTature in form of liquid drops. Some of 
these drops, mostly in form of hollow spheres or ovoids, pass forward 
and retain these shapes when cooled. Many collide w*ith each other and 
coalesce — as in other liquid gas systems — or attach themselves to more 
refractory and still solid particles. When such aggregates lH*,comc too 
heavy' they are deposited at points determined by the velocity and the 
viscosity of the gases. Such sedimentation may cause the formation of 
masses of clinker (bird's nests). I have shown * that the size and basicity 
of ash partid^ or aggregates in a coal dust firing sy'stem diminishes from 
the combustion chamlier towards the chimney, and that the solids 
emitted from the chimney mav consist of highly stlicious and refractory 
single particles. 

^*i?*?^* Trenr. Second World Power Conference, Berlin, 1930 ; Fuel in Science 
nnd rrmhee, 1^30, ^ 34$, 
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Pulverised fuel furnaces send forward about 70 per cent, of the ash in 
the coal fired, and dust, extraction plants arc therefore incorporated in 
most modern installations. 

Coal fired in pulverised form accounts only for about 4, 500, OCX) tons 
or 2*8 per cent, of this country’s total consumption. The great bulk is 
fired in the size ranges obtained from the collieries, i.e,, f>ieces from 
12 inches down to the dust particles naturally contained in coal. Some 
90 per cent, of the ash remains behind, but the balance derived from 
coal particles detached by decrepitation or from minerals finely dis- 
seminated through the mass, is small enough in particle size to be 
carried by the current of combustion gases before coalescence with 
larger pieces can take place, and unless deposited in the flues, is 
emitted from the chimney. 

It is worthy of note that the natural dust in coal, in which the charcoal- 
like fusain is concentrated, is particularly liable to be raised by the gas 
currents, owing to its non-coking character and consequent failure to 
fuse and coalesce during the carbonising stage. Mucli of this is therefore 
carried out of the fuel bed before the combustion is completed. Coal as 
mined contains about 4 per cent, of dust smaller than 350 fi. The British 
consumption of 161,500,000 tons {1934) per annum included, therefore, 
6,400,000 tons of this potential contribution to atmospheric pollution. 

It is interesting to compare this with the total amount of solid matter 
found in the atmosphere, and the case of London may serve as an example. 
The coal consumed in Greater London in 1934 was I9,282,(XX) tons. Its 
mean dust content at 4 per cent, amounted to 77l,2to tons, with an ash 
content of, say, 15 per cent. It may be fairly assumed that from this 
coal dust all its 15 per cent, ash and 7*5 per cent, of carbonaceous matter 
which has escaped combustion, are discharged into the atmosphere. 
This means a total of 173, 5CX) tons of flue dust derived from coal dust 
and emitted over the 700 square miles of the London area. According 
to the 2ist Report of the Atmospheric Pollution Committee the total 
deposit over these 700 square miles during the corresponding f>criod 
(taking the mean of the amounts collected in all deposit gauges as repre- 
sentative for this area) wa.s 184,000 tons. The portion of this total 
consisting of carbonaceous matter and insoluble ash plus one-half of the 
soluble ash (sulphates) amounts to I 24 , 5 CX) tons, and may be compared 
with the emission derived from the natural dust in coal. Whilst the 
pollution caused by coal du' i appears to be actually greater, it must be 
remembered that perhaps only 15 per cent, of the solids suspended in the 
atmosphere settle or are washed out by rain and arc caught in the gauges. 
Allowing for this, it appears that the natural dust in coal may be respons- 
ible for 20 per cent, of the pollution of the atmosphere with solids. As 
means for separating this dust arc available, its elimination and utilisation 
under conditions permitting the collection of its ash would greatly assist 
in the abatement of the pollution of the atmosphere witli solids. 

The sulphur in coal, present partly in inorganic form in pyrites and 
partly in organic combination, is almost completely liberated during 
combustion. The greater portion escapes as SO|, and a small portion as 
SO5. I have given an estimate of the minimum annual sulphur emission 
over London * of 5cx),ooo tons, expressed as sulphuric acid. Much of 
this remains in gas form, and a large part is retained by way of corrosion 
of metals, disintegration of building materials and action on textiles and 

^ Na$n Smoks Abaiemeni Soc„ Prac, y$k Annual Conf., Bristol. *935- 
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other organic matter. From the point of view of disperse systems in 
gases, two forms must be considered ; sulphuric acid nuclei present in 
town air, especially during fogs, and sulphate particles formed by the 
neutralisation of basic dust, notably lime, and oxidation during a stage 
of favourable condition. 

The presence of oxides of nitrogen (NO and NO^ as normal constit- 
uents of combustion gas has not received much attention in the past, 
but is now becoming important in connection with flue gas washing 
processes. Their concentration in industrial fluegases is of the order of 0*l 
to 0'2 mg. per litre in terms of nitrogen, but may vary with the com- 
bustion conditions. Apart from their probable effect on the oxidation 
of SO|, they are of interest in view of Coste and Wright’s • work on the 
formation of nitrous acid nuclei. 

Chlorine, which is present in many coals in amounts up to 0*5 per 
cent:, appears in the products of combustion mainly as alkali or iron 
chloride, or as hydrochloric acid, and thus adds a little to the chloride 
content of the atmosphere derived from sea-water. 

The form in which fluorine, the presence of which in some coals has 
been established/ is liberated on combustion is not yet known. In 
carbonisation it is present in the gas as hydrogen or ammonium fluoride. 
Though small in amount, this element will have to be regarded in future 
as a potential coniribiitor to atmospheric pollution. 

In the carbonising process accompanying or preceding combustion as 
in the domestic fire, indicated by liberation of tarr\^ matter, ammonia is 
emitted which combiae^ with SO^ or SOj and causes the formation of 
water soluble nuclei. These (where dispersed in air) behave similarly to 
the nuclei of NaCl derived from sea-water spray. 

Dust in Mining. 

Coal causes dispersion of solids in the air even before it is bunied. 
In mining, dust is released and is carried by the currents of ventilating 
air and precipitated from them in the workings. The risk of its in- 
flammation and of underground explosions caused by it is an important 
subject of investigatipn by those concerned with the safety in mines. 
The physical and chemical mechanism of the use of stone dust to prevent 
explosions requires still to be fully explained. 

In the preparation of coal on the surface, the effective collection of 
dust from the air, notably in screening operations, is as yet an unsolved 
problem. 

The silicious rocks associated with coal are responsible in some 
districts for a considerable number of cases of silicosis. The problem of 
the prevention of this temble disease calls for the close study of suspension 
in air of particles of quarU, shale, sericitc and other minerals, of sizes 
below 5/* formed by drilling, shot firing and other underground w*ork. 
In some operations as in drilling, dispersions of the coarser dust may be 
avoided by suitable filters. For the fine dust raised by shot-firing, 
spraying with water and wetting agents is being experimented upon. 
Fundamental work has only recently been undertaken, and it is hoped 
that the results of this symposium will be of use in the practical solution 
of this problem. 

* Coste snd Wright, PkiL 1055. 7. JO, aop. 

^Lessiiif, 1934, 134* 699; Fiir/ tn Scunct and Practi€a, 1954. 13* 347. 
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A better knowledge of the principles of dispersion of solids in gas will 
also assist on the clinical side of silicosis, for the passage of the silicious 
matter through the respiratory system and its retention by the lungs 
involve phenomena not unlike those underlying the operation of in- 
dustrial filters or scrubbers. 

Methods of Cleaning Gases. 

Industrial and meteorological disperse systems of solids or liquids in 
gases are, without exception, undesirable. The practical problems in- 
volved deal, therefore, with their breaking-up and the removal of the 
dispersoids from the gas phase. The methods principally employed are 
sedimentation in large chambers, centrifugal separation, filtration, 
electrical precipitation and washing with liquids in spray or film scrubbers. 

Sedimentation involves the slowing down of the currents of gas 
carrying dust by expansion in chambers large enough in cross-scction to 
permit the particles to settle out by gravity. Within the Iimit.s of space 
available in practice only the coarser particles settle effectively, although 
they may carry down some of the finer with which they collide in their 
downw'ard path. In some cases bafffcH are provided to arrest particles 
by impact and turbulence is reduced by sub-dividing the current by 
means of vanes. 

A common form of mechanical du.st separator is the ** cyclone,” a 
cylindrical vessel into which the gas is introduced tangentially. The 
dust particles or droplets of liquid are thrown out by centrifugal force, 
arrested by friction on the w^all of the cylinder and drop into the conical 
collecting base, whilst the gas leaves by a central tube. The efficiency 
for removing dust larger than 20 /a may be fairly high if the apparatus is 
designed to keep particles once throwm to the periphery^ out of the tur- 
bulent zone near the vertical axis of the apparatus. Many special con- 
trivances have been proposed to achieve this object, but the extraction 
of particles below 20 ft requires a more intensive study of the size range 
and shape of each kind of dust, the temperature and viscosity of the 
carrying gas and a thorough exploration of the zones of streamline and 
turbulent flow in the vessel at varying gas velocities and pressure drops. 

Filtration through fabrics or other porous layers provides a positive 
means of dust removal from gases. The disadvantage is the high resist- 
ance and its rise caused by the increase in tlie thickness of dust layers on 
the surface of the te.xtile or uthcr filter. Mechanical devices for shaking 
filter bags intermittently are usually employed. The permeability*' for 
fine particles varies with the original texture of the fabric, its age and 
condition and the thickness of the layer covering it. The need for sub- 
division into small units to avoid excessive resistance, makes the system 
very'^ cumbersome where large volumes of g«ases arc concerned. 

In the thirty years since Sir Oliver Lodgers early experiments were 
applied in practice by Cottrell, electrical precipitation has been put to 
industrial use on an extensive scale. In broad outline the system is 
extremely .simple The gas to be purified is ionised by the corona dis- 
charge from negative electrodes of small radius of curvature (wires, thin 
rods, chains, grids) ; on their way to the positive, collecting electrode of 
large radius of curvature (tul>cs or plates) some of the ions attach them- 
selves to the dispersoids, charge them and cause Uiem to travel in the 
same direction. electric current employed is of the order of 0*10 to 
1*0 amps, at a pressure between 20 and 75 kv., the collecting electrode 
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being usually earthed. The technical development has been mainly 
concerned with means for producing, conducting and insulating against, 
the high-tension current required ; with the form of the electrodes, the 
dimensioning of the gas passages and the design of rapping or other 
devices for removing dust from the positive electrode. In some cases the 
discharge electrode also collects some dust carried there by a minority of 
positively charged ions. 

Much of the work done has been of an empirical kind, and was directed 
to the special needs of various branches of industry and the particular 
nature of the dusts, fogs or mists to be treated. The removal of liquids, 
say sulphuric acid or tar, from the collecting surfaces is easy, but dusts 
differ greatly in adhesiveness and conductivity and some may, by 
building up on the surfaces of the electrodes, affect the electrical condi- 
tions appreciably, so that non-conducting dusts may require moistening 
or the addition of conducting dust to the gas as well as mechanical 
vibration or scraping to keep the deposited layers of reasonable thickness 
and permeable to discharge. 

Th^ electrical precipitation industry has arrived at a stage of develop- 
ment where information on the properties of dispersoids, such as size, 
size distribution, shape, density, composition of particles, their surface 
properties and electrical conductivity, and the critical eKamination of the 
results will l)e of great assistance in its further development. 

Wa.shing of gases with water is probably the most effective method for 
the elimination of dispersoids in them. In gas w^orks the scrubber 
packed with coke or wooden grids has ser\"ed from the beginning of the 
industry for the extraction of ammonia and incidentally removes tar 
nuclei. Us modem equivalents are the rotary scrubber and towers filled 
with contact rings. 

In air conditioning plants the control of humidity by water spraying 
devices is accompanied by the extraction of suspended solid particles. 
These plants usually incorporate eliminator biifflcs on which the un» 
vaporised excess of water in drop form is arrested. 

The treatment of flue gases by wet methods has assumed considerable 
importance during the hist few years. After the claims of the aggrieved 
owner of land damaged by sulphur gases from the Barton Electricity 
Works of the Manchester Corporation were sustained by a judgment of 
the House of Lords in 1929, the Electricity Commissioners insisted that 
at the new‘ London power stations to be erected at Battersea and Fulham, 
the necessar>' steps should be taken to eliminate practically all the sulphur 
oxides from the combustion gases of their boilers before discharge to the 
atmosphere. The magnitude of the problem will be realised if it is con- 
sidered that each of these power stations when completed and w^orking 
under full load will discharge nearly 2,ooo,ocx) cubic feet of flue g2iscs per 
minute, and that before washing they contain 1 grain of sulphur per 
cubic foot (2*3 mg. per litre) and 1*25 grains dust per cubic foot (2*8 mg. 
per litre). 

In the preliminary w^ork it was soon found that any method capable 
of extracting nearly all the sulphur will, ipso facia, remove the dust to at 
least the same degree, since dust is removed from the gas ph;vse immedi- 
ately it is wetted, whilst the absorption by water of SO^ and its oxidation 
to SO^ if desired, require a me;isurablc time of contact. 

The methods employed at Battersea and Fulham differ in several 
impbrtant respects. At Battersea * a spray system is employed common 

• Hewton, Pearce, PoUitt and Rees, Prac. Ckem, Group, 1933. 15, 67* 
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to all the boilers, the washing water is allowed to become acid in the 
first stage during which iron is added for the catalytic oxidation of SO* 
to SOa, and the effluent after neutralisation with chalk and clarification 
is discharged into the Thames. At Fulham an individual washer of the 
grid type is provided for each boiler, a lime or chalk suspension is con- 
tinuously circulated in film form over the grids and only a small purge 
corresponding to the sulphur and dust extracted is withdrawn, clarified 
and returned into the cycle. The mud containing calcium sulphite, 
calcium sulphate and dust is discarded, but no effluent is sent into the 
river. In an auxiliary scrubber through which air is passed, the sulphite 
in the circulating liquor can be completely oxidised to sulphate, if 
required. 

In the experimental work carried out in connection with the Fulham 
plant, I found that the principal difficulty did not lie in achieving the 
high sulphur extracting efficiency stipulated, but in preventing the 
incrustations of calcium sulphate deposited on the scrubbing elements. 
These were traced to excessive supersaturation taking place in the liquor 
as a result of the repeated absorption of SOj and tlic oxidation of the 
calcium sulphite formed. Methods for de-supersaturation were evolved, 
which are incorporated in the Howden — I.C.L system • installed at 
Fulham and already in operation at the Tir John Power Station, Swansea. 

In view of the immense fuel consumption of modem power stations, 
and the replacement by them of a multitude of uncontrollable point 
sources of pollution, the technical possibility of complete purification of 
their flue gas emission will prove to be an important step in the reduction 
of undesirable dispersoids in our atmosphere. 

50 Qyeen Anna's Gale, 

IVestminster^ S.lf ', i. 

• Pearson, Nonhcbel and Inlander, /. Inst. Fttfl, i<?35. 8, no. 


GENERAL DISCUSSION, 

Dr. R. Lesaliig, in introducing his paper, pleadcnl for precise definitions 
of the various types of dispcnioid.s in gases. He a^nsidered that the out- 
come of this Oneral Discussion would be of great value even if it only 
resulted in the acceptance of a reasoned nomenclature m the light of the 
papers submitted, quite J'part from the subject-matter of the work itself. 

Mr. A* G. Grant {Dariington) said : This pa|>cr covers a field too vast 
to lx? discussed adequately in so short a time, but our thanks are due to 
the author for his able review of industrial dispersions ; the subject matter 
of the paper is, in fact, the raison d tire of the meetings. Apart fit>m the 
m<jre academic interest of disperstud investigation, its main object is to 
evolve such an understanding of the nature and prop^tiea of suspended 
matter in gases as will allow of their eflective avoidance or removal on the 
industrial scale. In few cases is it necessary artificially to produce a 
gaseous dispersion, whereas removal is an almost universal problem. 1 
hope that some of us may l)e able to abstract and summarise the papers 
we have heard in the light of their industrial applications. 

I would like to support Dr. Lessing in his plea for a standardised nomen- 
clature. We have a plethora of ratl^r vague terTns--dust. mist, fog, haze, 
fume, and the like— and none has yet found a concise and accepted 
definition. 

One regrets that no detailed work is reported on the formation and 
nature of tar fog, a dispersion of very great importance in the fuel industries, 



GENERAL DISCUSSION 1233 

and hopes that Dr. Lessing's reference will stimulate further basic 
investigation. 

The occurrence of so-called gums in town's gas is an interesting case of 
an extreme dispersion in that the gum concentration is of the order of lo-** 
grammes per cubic meter. 

We require much more accurate knowledge regarding the electrical 
precipitation process. Investigation would fall broadly into two spheres : 

(a) The “ pure electric ’* phenomena centring round the corona dis- 
charge in various gases and with various field shapes. 

{b) The dispersoid phenomena, which can be sub-divid^ thus : — 

(1) The charging of dispersoid particles and the mode of their removal 

from the gaseous medium. 

(2) The phenomena and their control arising from deposition of the 

dispersoid on the electrodes. 

rhtrse problems are fuiidaraental to the design and understanding of 
electrical precipitation plant. Whilst various contributions have been 
made towards their elucidation, the electrical precipitation process remains 
as one designe<l and operated largely on an empirical basis. Where mathe- 
matical relations arc known, these are used for comparative and 
co-ordinating work rather than for basic design. 

Mr. W. A. Damon (l,ond<m) said : 1 am particularly interested in that 
part of Lessing's paper which deals with the contamination of the atmo- 
sphere by the carbonaceous dust loosely adhering to coal. If burned in 
the ordinjiry way. much of it will certainly be emitted to atmosphere, 
together with the flue gas and, if as is done in some places, it is dumped 
on the spoil bank, it will be very likely to initiate spontaneous combustion. 
Many of the burning pit banks which are so prevalent in the North of 
England are due to the indiscriminate dumping of excessive carbonaceous 
matter. Therefore, 1 am much in sympathy i^ith bis plea for combustion 
under conditions which allow of the collection of the ash. 

l.A*ssing says that of the mass of solid matter suspended in the air over 
any area aUnit 15 per cent, will lie deposited. How did he arrive at this 
figure, and what happtuis to the remaining 85 p<‘r cent. Presumably 
when a South wind hlow’s, towns to the North of London suffer more from 
London's pollution than from their owm. 

Mr. C. H, B«HMUiquet (BUitnghami said : Dr. Pearson and myself are 
partly responsible for Dr. Ijessing's figure of 15 per cent, for the fraction 
of the to^ emitte<l particles caught in deposit gauges in I»ndon. He 
-arrived, 1 believe, at the figure by comparisi^n of the deposit gauge figures 
with the estimated total emission, and asked i>ur opinion on the subject. 

The equations developed in our paper lead to the expectation that in 
fine weather only about 10-20 per cent, of the particles of diameter 20^1 
will be deposited in Ixmdon. and an inftnitesim^ fraction of particles of 
the order i/a. The remainder will drift across Europe, becoming more 
dilute as the cloud diffuses upw^ards and sidewa>"s. 

The fraction 15 per cent, probably represents the fraction of the time 
that it is raining, when nearly all particles will be brought down near their 
point of origin. 

Dr. R. Uming {London), in reply, said that the figure of 15 per cent, 
as the proportion of the total sohd matter in London air settled or washed 
out by rain (as determined by the deposit gauges of the Atmospheric 
Pollution Committee) was an estimate at which he arrived taking all known 
factors into account. This was confirmed by Mr. Bosanquet on a mathe- 
matical consideration of the sedimentation of particles at av-erage wind 
^velocities. 
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TWENTY-FIVE YEARS* PROGRESS IN SMOKE 
ABATEMENT. 
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Received l 6 ih March, 1936. 

The selection of a title for this paper was prompted by the fact that 
it was in 1912 the organised investigation into the degree of atmospheric 
pollution by smoke commenced. The starting-point of the inve.stigation 
was very definite : At a conference held at an International Smoke 
Abatement Exhibition in London, the following resolution was moved 
by the author : — 

That in the view of this G^nference it is desirable that immediate 
steps should be taken to decide upon and secure the general adoption of a 
standard method for the measurement of atmospheric pollution by smoke 
and other products of combustion and heat, in order that the data now 
being collected may possess a comparative value, and that a Committee 
be appointed to draw up details of a standard soot and dust-measuring 
apparatus and methods of its use/' 

The original Committee continued its work on a voluntary basis 
for several yeans. A number of Municipal Authorities had by then 
associated themselves with the investigation, and a grant in aid of the 
expenses was obtained through the D.S.LK. The (ommittee then 
functioned as an “ Advisory^ Committee on Atmospheric Pollution *' in 
association with the Meteorological C)fficc and was subsequently attached 
to the Air Ministr>\ The work continued to exp;ind and the control of 
the investigation ultimately passed to the D.S.I.R., in whose hands it 
now is. 

In attempting a review of progress made since the initiation of the 
investigation, certain difficulties have to be recognised. We arc not in 
the position of having uniformly distributed observation stations over 
the whole country^ but there is rather a tendency to concentrate stations 
in the more highly polluted neighbourhoods. This i.s a perfectly natural 
result since such placCvS are likely to be more concerned with the condition 
of their atmosphere than would be, for example, a sea-side resort far 
removed from any manufacturing area. However, one effect of this is 
that when attempting to estimate the condition of the air of this country 
as affected by smoke pollution, allowance has to lx* made for this con- 
centration. One way of examining the changes which have occurred 
would be to take each station individually and compare the result ob- 
tained year by year, and this in some respects is the most satisfactory. 
In the case of large cities where a number of stations have l)een established, 
the average of the stations may be taken and, provided they retain the 
same posuion, may be compared with a view* to finding what impro%Tment, 
if any, has resulted. 

In this paper tJie details of the methods adopted for measurement 
will not be dealt with, but rather the general results obtained. It may, 
however, be stated briefly that the measurement upon which most 
reliance is based is an estimation of the weight of matter deposited from 
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the air upon a measured area at or near ground level. A standard de- 
posit gauge has been evolved for this purpose and is in use at about 100 
different stations throughout the country. 

In addition to the measurement of deposit, the suspended matter is 
also examined by a different method, i,e, by filtration through white 
paper leaving a stain which, in smoke -polluted cities, can be made to give 
a measure of the degree of pollution of the air by sooty matter. 

The desirability of reviewing the progress made to date will be evident 
since it will be seen from what follows that the rate of improvement of 
the air of our cities is by no means as great as it should be, and the author 
hopes that the condition set forth in this paper will make it evident that 
greater efforts must be made in the direction of smoke abatement if we 
arc to obtain any marked and continued improvement. 

Since this investigation started there have been in operation 158 
stations making official reports. These, how^ever, have not all been in 
operation at the same time, nor have they all continued from the begin- 
ning until now. Hence it becomes necessary to make some selection of 
stations in examining the variation of the deposit. This has been done 
by excluding from the comparison any station with less than eight con- 
secutive years’ observ^ations, except in one or two exceptional instances. 

The reports made of deposited impurity .'^how this analysed into 
soluble and insoluble matter, and experience has showm that the amount 
of rainfall in any year has a marked effect upon the amount of soluble 
matter deposited, but little effect upon the insoluble. Hence we must 
not compare individual years but rather find some method which will 
show the trend over a longer period of years. Again the insoluble matter 
deposited has bet*n divided into tar, carbonaceous matter and ash, and 
the soluble into lo.ss on ignition and ash, while the soluble matter has 
also had the amount of sulphates, chlorine and ammonia estimated. 

In such an examination as this and in order not to burden the paper 
witli too many figures it is advisable to select a few of the more important 
elements of the def)osil for consideration. It has, therefore, been decided 
to compare upon the basis of total suhds deposited from the atmosphere 
in any year, the deposit of sulphates found in the soluble niatter aiid the 
amount of tar deposited. Bt'fore dealing with the individual stations, 
it might be well to give the reasons for this selection : — 

The total solids dc^Kxsited gives a gross measure of the pollution reaching 
the ground from the air, although it is not all derived fiom the smoke or 
grit from chimneys, it may at least be regarded as atmospheric pollution. 
Some of the deposited matter is undoubtedly derived from wmd-blowm 
dust, and hence it is hmnd that the insoluble part of the deposit tends to be 
higher in summer than in winter, whereas the soluble part tends to be 
higher in winter than in summer. 

The selection of sulphates de|X)sited is based upon the fact that the 
main source of pollution of the atmosphere by sulphur is from the com- 
bustion of fuel containing sulphur. In addition, it is one of the most dan- 
gerous products and is injurious to health and vegetation as w^U as to 
building material ; while, being derived from the combustion of fuel, 
it is some measure of the pollution from this source. Unfortunately the 
sulphate emitted from a chimney is in an invisible form and is, therefore, 
not eliminated^ by eliminating visible smoke. It follows also that efforts 
to attack virile smoke do not necessarily reduce the amount of sulphur 
pollution in the air. and it has to bt^ dealt with independently by some of 
the methods recently adopted successfully in our large power stations. 

Tar is pre-eminently a product of bituminous coal burnt in domestic 
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fires. Hence it is included as some measure of the degree of pollution by 
domestic smoke. It is well knov^m that the soot from domestic smoke 
contains a high percentage of tar, often up to 30 per cent., whereas that 
from boiler furnaces or other well designed furnaces contains little or 
no tar. 

The above reasons will explain why these three elements of pollution 
have been selected to give a reasonable measure of the progress made in 
the prevention of pollution of the air. 

The stations examined are 8ho\^'n in the tables below for the years 
available and a brief summary of the position may now be given referring 
to the attached tables : — 

In dealing with the progress of events, it will be best to take individual 
cities because the conditions in different cities vary very much, and it will 
be observed from the tables that, whereas in some cases there has been 
improvement, in others this is not the case. 

London. — In this case the figures shown arc an average for eight 
stations, and, as in all other tables, they represent the deposit from the air 
estimated in English tons per square mile. We have here a consecutive 
series of twent3' years with no break, and these should give a very fair 
picture of the course of events. Starting at 1915/16 we find the deposit of 
total solid matter was 415 tons per square mile, 72 tons of sulphates and 
4 tons of tar. Following this there was a fairly steady improvement until 
1921/22, that is for seven years, and this improvement shows up as a re- 
duction in total deposit and in deposit of sulphates. In this year 1921/22 
the total deposit had fallen to 284 tons per square mile and the sulphates to 
25 tons. In the following years between 1921 and 1935, tlie total deix>sit 
has altered very little, there have been some ups and downs, but it w*ould 
not be very wTong to say that tlie conditions have remained practically 
unaltered. It is not quite so satisfactory when we kK>k at the sulphates 
deposited, as here we find actually an increase, although not very great. 
So that w'hile in 1921/22 there w^ a deposit of 25 ton.s, in 1934/35 this had 
increased to 49 tons per square mile, while tar remained unchanged. Here 
then we find a state of affairs which is not very easy to explain, but 
at any rate it can be said that there is no great ground for optimi.sm as 
regard.s the condition of the air of London during the last fourteen or 
fifteen years. 

Glasgow. — Here also we have an unbroken series of twenty years' 
observations, and the figures arc an average of nine stati<)»ns. la some re* 
spects it follows curiou.Hiy the behaviour of Loudon. In ioi5/i^» the total 
deposit was 422 tons per square mile, 92 tons of sulphatt s and 4 tons of tar. 
This diminished regularly until 1921 / 22 when we find a total deposit of 
255 tons, and 34 tons of sulphates per sc|uare mile. Since then for the next 
fourteen years there have been some ups and downs but no general im- 
provement can be observed. In 1934/35 the total deposit was 268 tons 
per sc^uarc mile including 37 tons of sulphates, while tar remained un- 
changed. 

The cause of this curious behaviour in the two cities is not by any 
means obvious, and may l>e a suitable subject for speculation and discussion 
at a meeting such as this. 

Wakefield, WJR, Rivers Board. — This gauge is in the centre of the 
city in a manufacturing and residential area. There is a period of eleven 
years with one or two breaks which do not affect the sequence very much, 
and, so far as total deposit from the air and the deposit of sulphates are 
concerned, Wakefield shows a continuous improvement. " The deposit in 
1924/25. the first year available, amounted to 613 tons per square mile* 
while sulphates amounted to 136 tons and tar 8 tons. In 1934/35 this was 
reduced to 225 tons per square mile total deposit, 24 tons sulphates and 
6 tons tar, a very creditable state of affairs. 

Boumville Worka.— This gauge is 4 miles S,W. by S. of Birmingham. 
There are ten years' consecutive records and a fairly constant history ol 
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improvement^ but not anything very spectacular. Starting in 1924/25 
with 192 tons per i^uare mile of total deposit, 17 tons of sulphates and 

2 tons of tar, we finish in 1934/35 with 173 tons of total deposit, 18 tons of 
sulphates and i ton of tar. 

Boumville Vitiate. — This gauge is 4^ miles S.W. of Birmir^ham in 
a residential area. Here we have nine years* records, and a slight improve- 
ment is also indicated. In 1925/26 the total deposit amounted to 157 tons 
per square mile, the sulphates to 18 tons and the tar to i ton, while in 
*933/34 the figures had fallen to 93 tons per square mile of total deposit, 

1 1 tons of sulphates and x ton of tar. This behaviour is somewhat similar 
to that of Boumville Works, it shows an improvement but not a very 
great one. 

Birmingham Central. — There are ten years* records and again a history 
of improvement, but not very great. Starting in 1922/23 with a tot^ 
deposit of 419 tons per square mile, sulphates 50 tons and tar 4 tons, wc 
finish in 1931/32 with 340 tons per square mile of total deposit, 27 tons of 
sulphates and 4 tons of tar. This is a somewhat similar history to the 
Boumville records; This is for the centre of the city. 

Cardliir. — This gauge is also in the centre of the city. We have nine 
years available at Cardiff, commencing at 1926/27 with a total deposit of 
368 tons per square mile, sulphates 21 tons and tar 9 tons. This improved 
until 1930/31 when there was 133 tons total deposit. 22 tons of sulphates 
and 2 tons of tar. After that the improvement was not maintained, but 
with some ups and lowns we arrive at 140 tons per square mile total deposit, 
17 tons of sulphates and i ton of tar in 1934 /3s 

Gloucester. — This shows a fairly constant improvement for the nine 
years of which we piosscss records. It commences in 1926 27 with 343 tons 
per s<:]uare mile total deposit and finishes in 1934/35 with 117 tons per 
square mile. In this case we have no record of sulphates or tar 

Leicester, Town Hall. — This gauge is less than J mile S.S.E, of the 
centre of the city. There are only eight years* records here, commencing 
in 1927 /2H w ith 370 tons per square mile total deposit, 42 tons sulphates and 

3 tons tar. There was very little improvement noticeable until 1933/34 
wnen there was a definite drop in the deposit, and in 1934/35 total 
deposit amount^^d to 259 tons per square mile, sulphates 24 tons and tar 

4 tons. Wo may rank this city a.s baxing improved at any rate during the 
last couple of years. 

Newcastle, Weetgate. — The gauge is approximately } mile west of 
the centre of the city. We have ten years* observations commencing 
1925/26, and a fairly constant history of improvement up to 1954/35. The 
total deposit amounted to 443 tons per square mile, the sulphates 69 tons 
and the tar 13 tons in 1925/26 : these figures had fallen to 292 tons total 
deposit, 35 tons sulphates and 8 tons tar in 1934/35. 

Newcastle, Town Moor. — This gauge is miles north of the centre 
of the city in fairly opc^n country. It has the same series of years and shows 
a somewhat similar history to that at Westgate, but not such a marked 
improvement. The total de]:x>sit in 1925/26 was 268 tons per square mile, 
the sulphates 45 tons and the tar 4 tons, while in 1934/35 these figures 
had dropped to 236 tons per square mile total deposit, 42 tons sulphates 
and 6 tons tar. 

Rothamsted*— This gauge is i mile S.W, of Harpenden Town in open 
country in a residential district. Rothamsted is a county station which 
gets most of its pollution by drift from l^ndon or other cities. There are 
sixteen years* ol^*rvations, and a definite improvement during this period 
although not a very constant one. In fact most of the improvement 
occurred in the first four years w'hcn the deposit fell from 245 tons in 
1919/20 to 86 tons i)er square mile in 1922/23, There were ups and downs 
after this until 1934/35 when tht' total deposit was 83 tons per square mile. 
Wc may, therefore, say that the last twelve years show practically no 
improvonent. 
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Rochdale, Technical School. — Here we have twelve records covering 
the years 1916/17 to 1927/28, and there is, on the whole, an evidence of 
reduction of deposit based upon the total solids. Starting in 1916/17 with 
731 tons per square mile, we finish in 1927/28 with 584 tons. 

To continue with the story of Rochdale, as the Technical School gauge 
did not continue beyond 1927/28. we have to use the records from another 
gauge, i,e. at the Town Hall, and while these figures must not be taken as 
representing the same conditions as held at the Technical 5 khool, they may 
be compart amongst themselves for improvement or otherwise. In the 
Technical School gauge the observations of sulphates and tar were not 
carried out, but these were estimated in the Town Hall gauge. 

Rochdale, Town Hall. — This gauge is in the centre of a manufacturing 
city. We have a period of eight consecutive years' observations here, 
and if we base our conclusions on total solids the deposit drops from 350 
tons per square mile in 1927/28 to 236 tons in 1934/35. The sulphates 
and tar, however, do not tell quite the same story, and as these arc speci- 
fically combustion products, they are perhaps more reliable. Thus in 
1927/28 there was a deposit of 38 tons 01 sulphates j)er square mile, and 4 
tons of tar, while in 1934/35 the resj^ective figurt*^ were .fO and 4, showing 
no improvement. 

Burnley, Town Hall. — There are nine years' observatu)ns available 
here, and the station Is very remarkable in the sense that a sudden im- 
provement occurred after three years, and the low level was maintained 
subsequently. In 1925/26 the total deposit amounted to 869 tons per 
square mile, 1 17 tons of sulphates and 25 tons of tar. In 1927/28 the figures 
were respectively 856. 137 and 11. There was a sudden drop next year to 
a total deposit of 464 tons per square mile, sulphates 31 tons and tar 10 tons, 
and the condition remained more or less the same as regards total .solids 
and sulphates until 1933/34, the final figures being total solids 427 tons {>er 
square mile and sulphates 31 tons. There was, however, a definite increase 
in the quantity of tar deposited, which, increased steadily up to 30 tons 
per square mile in 1933/34. excessively heavy deposit. There is no 
ob\dous explanation of the sudden reduction in the amount of deposit, 
but the fact that it occurred simultaneously in the total solids and in the 
sulphates suggests that there was a definite reduction in the amount of 
smoke. This gauge is in the centre of the city in a manufacturing district. 

The cities which show at least some improvement in the amount of 
deposit from the air have been dealt wdth first, and we will now examine 
those which show no improvement or a falling back. 

Leeds, Headtntley. — The gauge is in a residential area 3 miles from 
the centre of the city. We have twelve years of observations, and the 
history is not one of continuous improvement, but rather the reverse. 
Commencing in 1923/24 with /Z ton.s total deposit, 13 tons sulphates and 
1 ton per square mile of tar, we finish in 1934/35 with 122 tons per s<)uare 
mile total deposit, 14 tons sulphates and i ton tar. 

Leeds, Hunslet. — This gauge is in an industrial area i| miles from the 
centre of the city. Here again w-c have thirteen years' records and some- 
what the same story. There is practically no diilerence between the con- 
dition now and twelve or thirteen years ago. In 1922/23 the total deposit 
amounted to 305 tons per square mile, the sulphates to 25 tons and the tar 
to 5 tons. In 1934/35 the ^ures were 301 tons of total deposit, 23 tons ot 
sulphates and 3 tons of tar per square mile. 

Leeds, Park Square. — The gauge is f mile from the centre of the city 
in a densely populated area. There are thirteen years' observations avail- 
able, commencing 1922/23 when the total deposit was 305 tons per square 
mile, sulphates 29 tons and tar 5 tons. These figures have altered very 
little until 1934/35 when the total deposit amounted to 338 tons per square 
mile, the sulphates to 23 tons and the tar to 3 tons. Thus in the total im- 
purities deposited in the air we find no improvement, but there is a slight 
improvement in the sulphates and tar. 
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Leeds, York Road. — This gauge is i mile from the centre of the city 
in a densely populated working-class district. Here we have twelve years* 
observations and the figures tell the same story as at Park Square. Com- 
mencing 1923/24 with a total deposit of 247 tons per square mile. 25 tons 
of sulphates and 3 tons of tar. we finish in 1934/35 with 292 tons of total 
deposit, 24 tons of sulphates and 4 tons of tar. Thus these stations in 
Leeds indicate no improvement in the condition of the atmosphere. 

Liverpool, Netherfteld Road. — ^The gauge is miles N.N.E. of the 
Town Hall in a manufacturing and very thicldy populated area. There are 
fourteen years' observations, starting in 1921/22 when the total deposit was 
548 tons per square mile, sulphates 52 tons and tar 4 tons. Conditions 
have not improved since then, in fact there is evidently more pollution 
in the atmosphere, since the total deposit in 1934/35 was 590 tons per 
square mile, sulphates 66 tons and tar 5 tons. 

Marple. — This gauge is in open country tending to become suburbanised. 
We have eleven years* observations at Marple commencing in 1924/25 with 
a total deposit of 102 tons x>er square mile, 38 tons of sulphates and 2 tons 
of tar. The bital deposit shows no improvement during the following 
ten years, but sulphates and tar do show a reduction. The figures for 
1934/35 were 105 tons per square mile of total deposit, 21 tons of sulphates 
and I ton of tar. 

St. Helens. -The gauge Ls in the centre of the city. We have eighteen 
years* consecutive oltscrvations here commencing 1917/18 with 612 tons per 
square mile total deposit. 99 tons of sulphates and 13 tons of tar. These 
figures fell rapidly during the .subsequent three years, and in 1920/21 the 
total deposit was 371 tons per square mile, the sulphates 39 tons and the 
tar 4 tons. After that the improvement was not maintained, but in some 
years, the conditions went back and in 1934/35 the total deposit amounted 
to 43 1 tons per square mile, sulphates 30 tuns and tar 9 tons. Looking at 
the column of sulphates deposited here there is a period from 1927/28 to 
1934/35 when there was a continuous reduction in the sulphates, this was 
not. however, retlected in the tar or total deposit. 

Stoke-on*Treiic, Leek Road. — This gauge is in the centre of the city 
in a manufacturing area. W’e have available eleven years* observations 
commencing 1924/25 and the position disclosed is not very satisfactory. 
In 1924/25 the deposit of total solids was 192 tons per square mile with 
£ I tons sulphates, while in 1934/35 this had risen to 232 tons of total deposit 
and 29 tons of sulphates. As will be seen there has been a gradual de- 
terioration. not entirely continuous. 

At CasUeford, Garston and Edinburgh, where there are not a great num- 
ber of years for comparison, the indications are of a fairly steady con- 
dition of impurity. There are slight variations from year to year, but 
hardly ’ anything which can be regarded as evidence of improvement or 
deterioration. 

We could thus di\nde the stations referred to in tliis paper into three 
groups, the first in which a definite improvement has been indicated in the 
degree of pollution of the air. This group includes London. Glasgow, 
Wakefield (W.R. Rivers Board). Bournville W'orksand Village, Birmingham 
Central, Cardifi, Gloucester, Leicester Towm Hall, Newcastle (Westgate 
and Town Moor), Rothamsted. Rochdale (Technical School and Town Hall), 
and Burnley. In the second group there has been an equally definite 
deterioration. This group includes, Leeds (Headingley, Hunslet. Park 
Square and York Road), Liverpool (Netherfield Road), Marple, St. Helens, 
and Stoke-on-Trent (Leek Road), while the third group shows little or no 
change in the condition of the air and includes Castleford, Garston and 
Edinburgh. 

It is necessary to remember that a certain selection has had to be 
made of the available stations for reference in this paper. It is hardly 
possible to give a definite answer to the general question ** Is the 
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Tables showing thb Amount of Impurity deposited in Tons per Squark 

Mils (Annual Total). 


Glasgow (Average of nine 
stations). 


Liverpool, Netherfield 
Road. 


London (Average of eight 
stations). 


Yev. 

Total 

Solids. 

Sul- 

, pbates. 

jTar 

1915/16 

422 

92 

4 

1916/17 

3»0 

89 

4 

1917/18 

447 

84 

7 

19x8/19 

386 

77 

3 

1919/20 

3^6 

59 

2 

1920/21 

322 

42 

5 

1921/22 

1 **-55 

34 

3 

1922/23 

254 

38 

2 

1923/24 

t 321 

41 

3 

1924/25 

1 284 

I 51 

3 

1925/26 

274 

46 

3 

1926/27 

284 

43 

3 

I 9 * 7/*8 

320 

50 

2 

1938/29 

263 

38 

2 

1929/30 

280 

41 i 

3 

I 930/3 J 

27S 

39 

3 

1931/32 

252 

37 1 

2 

» 932/33 

232 

33 ! 

2 

1933/34 

230 

1 

4 

1934/35 

268 

37 

3 

1 934/30 

239 

28 1 

3 


Year. 

Total 

Solids. 

Sul- 

phates. 

[Tar 

1921/22 1 

54 « 

52 

1 4 

1922/23 

025 ! 

50 

! 6 

1923 24 

645 1 

61 

7 

1924/25 

! 577 j 

! 63 

7 

1925/26 

•>35 j 

78 

6 

1926 ^'2 7 { 

547 i 

72 ! 

5 

1927/28 1 

557 

70 i 

0 

1928/29 ! 

036 } 

05 i 

5 

l 9 i 9/30 I 

552 

64 . 

7 

> 93 o/ 3 ‘ ! 

520 ! 

^*7 ! 

6 

» 93 ' 3.1 i 

520 , 

70 ; 

6 

1931 33 ! 

^^'^5 ; 

61 j 

5 

*933 34 ' 

522 : 

.53 ; 

5 

1934 35 ! 

. 

06 

5 

> 935 . '36 ; 

6^3 ( 

67 

6 


! 

l 


Yejir. 

Total 

Solids. 

1 Sul- 
1 phates. 

iTar. 

1 

1915/16 

4x5 

1 

! 72 

4 

1915/17 

400 

68 

4 

1917/18 

379 

60 

3 

1918/19 

372 

70 

3 

1919/20 

1920/21 

349 

53 

3 

307 

27 

5 

1921 ,, 22 j 

■‘ 1*4 

' 26 i 

5 

1922 23 

302 

' 36 I 

3 

1923 24 1 

1 288 ' 

' 65 j 

2 

IS>24 25 i 

3*9 ! 

‘ 4 * 

3 

1925 26 ; 

204 i 

32 

3 

1926:27 1 

303 , 

40 

4 

1927/28 ; 

3I6 , 

40 

4 

1928 '29 J 

255 

29 

4 

1929 30 j 

272 ; 

35 

4 

1030 3 » i 

289 ■ 

4 * 

4 

193* 32 ? 

281 ! 

4 * 

4 

*932 33 «' 

272 1 

4 > 1 

4 

> 933/34 1 

3*5 1 

45 ! 

5 

> 934/35 

298 1 

49 j 

5 

> 935/39 

284 ; 

43 ! 

4 


condition as to smoke pollution improving in this country or <»thcnvise." 
It will be seen from what has already l>een said that improvement nuiy 
be going on in one place and deterioration in another, and it would not 
be fair, for example, to take tw’o such places and by averaging them 
conclude that the general condition w^as unaltered. It is true tliat the 
smoke emitted in any city is not confined to its own boundaries, but 
spreads over the whole country, iuid in this sense there is a general 
pollution of the air which might be estimated as distinct from the local 
pollution produced in a specitk neighbourhood. Possibly the condition 
of Garston might be taken 4*8 representing this general rather th;m lot ul 
pollution, since the station is situated well out in the countr>' and pro- 
duces little smoke pollution in its own neighbourhood. 

The lesson to be learnt from the foregoing is fairly obvious : The 
fact that certain cities have reduced the pollution of their air very much 
is proof that it can be done with care and attention, and might be given 
as an answer to any doubts raised by other cities as to their ability to 
reduce smoke. The condition in this country at present is by no means 
satisfactoiy , and it is obvious that we should pul a great deal more energy 
and effort into smoke prevention than w^c are doing. This might be taken 
as the lesson to be learnt from the cities of groups tw^o and three. It is, 
however, not the cilies only which suffer from the smoke pollution : it is 
astonishing the degree of pollution of the air in the open country to lee- 
ward o( a great city such as London. The track of the smoke cloud 
extends for many miles down wind and the concentration of smoke is so 
great even in the open country under such conditions that far more 
attention should be given to it by Public Health Authorities. The 
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author has often experienced a dense smoke haze, easily visible in a room, 
at a distance of 12 miles S.W. of London. Given suitable conditions 
which impede the dispersion of the smoke cloud from the city, that is, 
a low wind velocity and an inversion of the vertical temperature gradient 
overhead, then the smoke drifts along with little reduction in its con- 
centration. The author has seen on the coast of Devonshire a thick 
smoke haze through which the sun had a deep orange colour, and he has 
traced this haze to the manufacturing districts in the Midlands. This 
paper is, however, intended to be rather a review of progress since the 
beginning of the investigation than a pointing out of lessons, and indeed 
they are sufficiently obvious to need little indication. 


GENERAL DISCUSSION, 

Nit. C* F. Goodeve (Londoyi] said ; In welcoming us to Leeds the 
Vice-Chancellor of this University expressed a hope that we would close 
our discussion in a happier frame of mind than we had commenced it and 
that, before many years, we would do something to relieve the irritations 
of housewives, etc. From the title of this paper one receives a certain 
amount of encouragement, but it is misleading. This adec^uate summary 
given by Dr. Owtns shows conclusively that, except for a few cities during 
the hve-year period from 1915, no reduction in any of the impurities de- 
posited from the air has been found and, in a good many cases, there is 
a serious increase. 

An important question for the consideration of this meeting is “ What 
is being done, or 'what is proposed to be done, with regard to the situation ? " 
We have an active society which carries on extensive propaganda work. 
We can only hope tliat it will receive increased support and that its efforts 
may produce some improvement. 

There is also “ The Atmospheric Pollution Research Committee.’' 
Their very interesting annual reports contain, amongst other things, the 
results of an ent^rmous number of determinations of the deposits from the 
air in different cities in this country. The available statistics now cover 
millions of observations. Some years ago, I attempted to make a statistical 
analysis of these figures, Ik*yond showing what Dr. Owens has discussed 
in this paper, the results of this anal\T5is were disappointing, Mr. Wilsdon, 
however, has |x?rscvered further and obtained a number of curv^es which 
are given in the last Report. In this connection, 1 should like to quote 
from his paper the following sentence (p. 51) : — 

Whatever may be the true interpretation of the early data, it 
does not seem possible to advance much further by examination of 
existing records.” 

It would appear that Mr. Wilsdon agrees with me that the large amount 
of work involved in obtaining these statistics is not leading to any definite 
conclusiotis, These figures cover a peri<xi of tw’enW-one years, I would 
ask the members of this committee, most of whom are present, seriously 
to consider whether it is possible to direct some of the enormous amount 
of labour involved in obtaining these statistics along more useful lines. 

I am not familiar with the terms of reference under which this com- 
mittee is appointed, but 1 would venture to suggest that they .m^ht find 
practical means to help the situation by, for example, advising local 
authorities or even investigating for them the causes of atmospheric 
pollution. One finds in the reports for a numbei of years that unusually 
high deposits were found in the neighbourhood of Ravenscourt Parl^ 
London. 1 would like to ask the committee wrhether the cause of this high 
deposit was ever found and if so, were any steps taken to remove it. 

42 • 
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The most encouraging aspect of the whole question comes from the 
amount of independent work which is being done by private companies for 
the improvement of atmospheric pollution. The London Power Company 
are among the pioneers in this work. When one considers the large amount 
of private consumption of coal w^hich will be replaced by electricity pro- 
duced from a practically pollution-free power station, one can appreciate 
that the Battersea Power Station w'ill produce no small improvement in 
the conditions obtaining in London. In this connection, I would like 
to quote from Dr. Coste’s paper to this discussion : 

" Dust from leaves in Battersea Piirk, near the Power Station, 
was mostly domestic and horticultural in origin, very few spheres 
being found, showing the efficiency of the gas-washing plant.’' 

In addition to the work of the London Power Company, there are also 
the highly successful experiments of ImpcTial Chemical Industrie.^ carried 
out at Billingham and described in Nonhelid's paper to this discussion. 
As a result of their work it is now' possible to instal an efficient plant for 
the smallest of industrial chimneys. There remains no excusi* for the 
pollution of the atmosphere by the small factor)^ 

We all look forw-ard to the opening of the Fulham Power Station in 
London and feel confident that it will lx* as successful as the others. I here 
are also a considerable number of gas washing plants for power stations in 
various parts of the country, but the small factor)'^ is vt^ry slow in resjK)iiding. 

Aside from this independent work, we have little to satisfy <»ur minds 
as to the future. Chemistry and engineering haxe solved most of the prac- 
tical problems involved and the matter is now' largely a jxilitical one. 
It is to be hoped that the civic authorities in this city will take a leading 
part and, before long, I^eds w'ill lose its title of " The City of Perjietual 
Mourning. ’ 

Professor F. G. Donium (London) said he thought that Mr. C'roodeve's 
criticisms were unjustified. The Atmospheric FViDution Committee had 
done an immense amount of excellent work in devising methods of measure- 
ment and obtaining quantitative data. They could not be blamed for any 
failure on the p>art of Municipal and Government Authorities to take action. 

Dr R* Lessing (London) pleaded for a survey of the sources of atmo- 
spheric pollution as distinct from the obscr\'^ation of the incidence and 
effects. For this purpose, a limited number of t>*pes of coal consuniing 
plants and appliances should be investigated. Whilst the total emission 
may not have been reduced in amount in the 20 years during which e>b- 
servations have been made, the character had changed, mainly in the 
direction of a diminishing s<x>t and tar content and an increasing proportion 
of ash dust and coke particles. 

Dr. G. M. Dobson (Oxford) siaid : As I have some responsibility for 
the work of the Atmospheric Pollution Research Committee, I should like 
to make some explanations in viewr of Mr. Goodeve’s friendly erttidssns of 
this work. 

Firstly, it is entirely outside the scope of this Committee to initiate 
work on methods of reduction of smoke from either domestic or factory 
chimneys, or to test existing methods. Their work is to devise methods 
for the accurate measurement of the pollution existing in the air, and t» 
advise local authorities of the best methods they should use in measuring 
the pollution in their towns. It is not even the duty of the Committee 
to make the routine observations of pollution all over the Kingdom, this 
being the duty of Local Authorities. In certain special cases the Com- 
mittee do make observations, but their small income would have to be 
multiplied many times if they were to be responsible for all the observations 
now being made by the local authorities. 

The Committee are responsible for advising what type of pollution 
should be measured, and it is entirely due to them that the method of 
measuring gaseous SO| was worked out by the Government chemist at 
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their special request, and at the expense of their funds. In this connection 
I would also mention that the question of the possible presence of droplets 
of H| SO 4 has been much discussed by them, and the work which Mr. Coste 
(a memb^ of the Research Committee) reported to this Conference, is a 
direct result of this. So far as I know, this is the first time an accurate 
measurement of the amount of H,S04 in city air has been made, and the 
suggestion that a method had been worked out by the Government chemist 
several years ago but not used by the Committee is not correct. 

Mr. G. Nonhebel (Billingham) said : The higher deposits of sulphates 
in Central Ix)ndon may well be due to the increasing use of coke for central 
heating in the office districts. Coke contains more sulphur in relation to 
its calorific value than a>al, and the coal used for coking has usually in 
any case a higher sulphur content than best quality domestic coal. 

With the gn^wth of large centrally situated power stations there is now 
a strong case for the use of low pressure pass-out steam for heating in 
densely populated areas (particularly in toums like Leeds, where the 
dom«\stic smoke from closely packed houses, often back to back, is so 
serious in the valleys) and close to one of the power stations. By this 
means a large proportion of the latent heat of the steam which is now lost 
in the condenser water would be saved, 

Kor such a scheme to be tried, it would really be necessary to have a 
State-aided large-scale experiment, and to forbid the use of open fires in 
the district under investigation. 

In New York .?ity one of the central heating stations has a boiler 
(.»utput of 500 tons/hour. The visibility in this city is generally far better 
than that in Ix)ndon, owing to the absence of open domestic fires. The 
main problems there are, however, the elimination of grit and SOg from 
the chimneys of the large power stations, particularly in the Tudor City 
district where many of the buildings tower above the chimneys of two 
large power stations. 

Dr, J. S. Owens {London), in reply (cofnmunicaUd) : In reply to Mr. 
Goodeve's remarks, 1 would first refer to his last paragraph, in which he 
says that chemistry and engineering have .solved most of the practical 
problems involved and the matter is now largely a political one.'' This 
IS really the heart of the whole question. If 1 might paraphrase Mr. 
Goodeve’s statement, I would put it m this furar : “ So far as the preven- 
tion of smoke pollution from industrial processes is concerned, we are in 
a position to prevent this if we want to. and the continued existence of a 
polluted atmosphere from this cause is evidence of the lack of a sufficiently 
strong public desire to prevent it.'* This brings me to the suggestions as 
to the work of research on atmospheric |H)llution I do not agree with 
Mr. (^Hxleve that the statistics obtained are not leading to any definite 
conclusion. The work done has shown clearly the degree of pollution of 
the air and the improvement which can, and has been affected in certain 
places. It will, I think, he generally accepted that if a problem like this 
is to be tacklixl, the first essential is some means of measuring, both to 
enable us to realise the extent of the evil and to indicate the degree of 
success attending efforts made to reduce it. The title usually applied to 
the work, that is The Investigation of Atmo^heric Pollution.” is perhaps 
a little vague as to the specific nature of the investigation intended. The 
object in view was strictly one of measurement. Of course, this does not 
invalidate any criticism such as that another object should have been 
included, or might still be included, but the particular problem attacked 
was quite suffident in view of the funds available. 

In reply to the query as to the heavy deposits in Ravenscourt Park, 
London, the exact M>tttce of these deposits has not been found, nor have 
the Committee initiated any steps to remove it. This is a case, where 
such action would be outside the terms of reference of the Committee. 
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By R. V. Wheeler. 

Received 2 nd March, 1936. 

A cloud of fine dust in air behav'cs in many respects similarly to a gas 
or vapour. If the dust is inflammable, its similarity to a gas in behaviour 
extends to its ability to propagate flame if it is present in .sufficient con- 
centration in the air. 

Dusts vary in their degree of “ inflammability ” {i,e. in their ability 
to propagate flame when they form clouds in air) with their chemical 
composition and their fineness. It is not so easy to obtain a direct 
measure of the inflammability of a dust as it is of a gas or vapour. It 
is not easy, for example, to determine accurately the dilution limits 
(lower and upper) such as are usually sufficient to define the inflam- 
mability of a gas or vapour. 

An indirect measure of the inflammability of a dust can be obtained 
by making use of the fact that the admixture with it of a sufficient 
quantity of an incombustible dust (stone dust) can render it incapable 
of propagating flame. Such a measure has been used more particularly 
for assessing the relative inflammability of coal dusts, mainly because 
a practical method of rendering harmless the dust produced during coal- 
mining is to treat it with stone dust. Two exam{>les of the problems 
studied regarding the inflammability of coal dust.s will be considered : 
(l) The effect of the concentration of the dust (of constant composition 
and fineness) ; and (2) the effect of the fineness of the dust (of constant 
composition and concentration). 

The Effect of the Concentration of the Dust on its 
Inflammability. 

The method of experiment used was, briefly, to determine the amounts 
of a chosen stone dust, intimately mixed with the coal dust and of the 
same degree of fineness, required just to prevent the continued propaga- 
tion of flame when the mixtures w'erc strewn along an explosion gallery 
and ignited by a standard source of ignition. 

The explosion gallery was constructed of steel tubing 4 ft. in diameter, 
and was 325 ft. long. It was closed at one end. A known quantity of an 
intimate mixture of a)al dust and stone dust (Fuller's Earth), prepstred by 
hand from materials pulverised so that between 80 and 85 per cent, could 
pass through a 2oo>mesh fl.M.M. standard) sieve.* was spread evenly on 
the floor of the gallery. The means of ignition was a blown-on t shot of 
20 oz. of gunpowder, tightly stemmed with 8 in. (i. lb.) of coal dust. The 
shot was fired from a small cannon with a 2-in. bore {flaced on the floor of 
the gallery at a distance of 15 ft. from the doted end. with its musde 
pointing towards the open end. An open-ended steel tube, i ft. in diameter 
and 6 ft. long, was arranged immediately in front of, and in line with, the 
cannon. A quantity of the dust mixture to be tested, such that there were 
1^ lb. of coal dust (irrespective of the proportions of coal dust and stone 
dust in the mixture), was strewn evenly wi&in this tube. 

♦ Throughout this paiier. the meshes of sieves referred to are LM Jl. standard, 
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A series of tests with a number of loadings of a chosen coal dust was 
made, different proportions of stone dust being used at each loading until 
two mixtures were found of which one propagated flame throughout the 
gallery and the other, containing 2| p^ cent, more stone dust, merely 
extended the flame of the cannon-shot by 75 to 175 ft. 

The results of crucial experiments with a coal dust of average in- 
flammability are recorded in Table I. 


TABI-E I. — The Effect of the Concentration op Coal Dust on its In* 

FLAMMABILITY. 


Expt. No. 

Compotition of Mixture 
per Cent. 

Concentration in Gallery 
iot. per CO. ft. of fas). 

Retolt Leafth 
of Flame. 

CoeJ Duet. 

' * ' 

Stone Dost. 

Mixtad Dusts. 

Coal Dost. 

716 

40 

60 

0‘6o 

0-24 

75 ft. 

748 

40 

60 

0-65 

026 

75 ft- 

724 

4-2*5 

57*5 

0*50 

0-21 

75 ft- 

746 

425 

57*5 

0*50 

0-21 

75 ft- 

7 ^^ 

4-2*5 

57*5 

0*55 

0*23 

Throughout 

7*5 

4-2*5 

57*5 

ot>o 

0-255 

Throughout 

7io 

4- 5 

57*5 

065 

0*28 

Throughout 

yui 

4-2*5 

57*5 

070 

030 

125 ft. 

747 i 

42*5 

57*5 

0-70 

0-30 

; 175 ft- 

7-27 j 

45 

55 

0*90 

0405 

i Throughout 


45 

55 

1*00 

0*45 

150 ft;. 

754 

45 I 

55 

j I'OO 

0*45 

125 ft. 

750 1 

47*5 

52*5 

1 1*55 

0*74 

Throughout 

75^ 1 

47*5 

52*5 

2-20 

1045 

Throughout 

753 

47*5 

52*5 

i 3*^ 

1-425 

Throughout 

73 * 

50 

50 

1 030 

015 

xoo ft. 

744 

5 ^ 

5« 

1 0-30 

015 

75 ft- 

73 ^^ 

5<> 

50 

i 0*35 

0-175 

Throughout 

74-2 

100 

nil 

i — 

005 

125 ft. 

743 

KK) 

nil 

! 

005 

150 ft. 

739 

100 

; nil 

i 

i 

I 

0075 

Throughout 


For the concentrations of dust recorded in this table in ounces per 
cubic foot capacity of the gallexy*, the assumption is made that all the dost 
strewn on the floor of the gallery was raised in suspension in the air either 
by the concussion produced by the cannon-shot or during the subsequent 
propagation of flame. The results are shouTi graphically in Fig. i. The 
'' upper limit *’ of concentration for tliis coal dust was not obtained. No 
expenments were made with concentrations of coal dust higher than 1*425 
ox. per cubic foot of air. Thi.s concentration, for a mixture containing 
52*5 per cent, of stone dust, amounts to about 2 ^ lb. of mixture per linear 
foot of the galleiy' and such quantities as would be required to reach the 
upper" limit, judging by the slope of the curve in Fig. 1. would have pre- 
sented considerable obstruction in the gallery. 

During an experiment in which the load mg of dust along the gallery 
was initially heavy, the concentration of dust in the air was probably 
neither initially uniform nor continuously maintained as the fl^e tra- 
velled but was aile<‘ted by the degree of turbulence created ahead of the 
flame. The inittal inflammation might raise the whole of the dust as a 
dust cloud and the flame, after travelling a short distance, might begin 
to slacken speed by reason of the cooling action of the large excess of dust. 
The checking of the flame in this manner would reduce the amount of tur* 
bulence ahead of it and much of the dust would fall out of suspension in 
the air, leaving a concentration more favourable to the propagation of 
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flame. It was noted that the progress of flame along the gallery when it 
had been heavily loaded with dust was slow' and spasmodic. 

The “ lower limit of concentration of this coal dust (under the con- 
ditions of test) was about 0-07 oz. per cubic foot of air, and the optimum 
concentration, which was sharply defined, was 0*23 oz. 



Fig. I. — The effect on its inflammability of the concentration of coal dust in air. 


With a coal dust of low inflammability by reason of its chemical com- 
position, the amount of stone dust required to suppress inflammation, even 
at the optimum concentration, is small. Such a coal dust was therefore 
used in a series of experiments designed to test the possibility of determining 
an upper limit of concentration. The results are recorded in Fig, 2. 



Concentration of coal dust in the gallery (ounces per cubic foot of air space). 
Fig. 2. — ^The effect on its inflammability of the concentration of coal dust in air. 


An analogy can be drawn between these experiments and gaseous 
infljammations. Thus, Cxiward and Hartwell ^ have determined the limit 
of inflammability of ^edamp in atmospheres containing carbon dioxide. 
Their results are shown graphically in Fig. 3. w'here the concentration of 
methane in the air is plotted against the concentration of carbon dioxide 
required to &»uppre8s inflammation. The concentrations of the gases are 
expressed as percentages by volume. 


' Safety in Mines Research Board Paper, No. 19. 
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The Eifect|of the Fineness of the Dust on its Inflammability. 

The physical quantity that measures the fineness of a particle of coal 
dust most significantly with respect to its reactivity, and thus with respect 
to its inflammability, is its specific surface, i,e. the ratio of its surface to 
its mass. Sufficiently accurate (relative) values for the specific surface 
of coal dust samples can be decided from their sieving analyses, whereby 
the proportions of particles of different sizes are measured. 



Gjneentration of methane in the air — per cent. 

Fig. 3. — The effect on its inflaniniability of the concentration of methane in air. 

Tests of the effect of the fineness of a coal dust on its inflammability 
were made in a similar manner to those on the effect of its concentration, 
using a coal which was as inflammable (by reason of its chemical com- 
position) as that used for the experiments recorded in Table I. The stone 
dust us(^ was, as Ixjfore, Fuller’s Earth, 85 per cent, of which would pass 
through a 200-mesh sieve, and all the tests were made with the optimum 
concentration of coal dust. 

TABLE II. — The Effect of the Fineness of Coal Dust on its Inflamma- 
bility. 


Preparation. 



Sieving Analysis, per Coit. 


Index of InSamniability. 

1 

5-8. 


ao-50. 

50-100. 

100-200. 

Throng 

300 . 

Stone Dust, 

S, per Cent. 

Ratio 

ioo/(xoo— S). 

A. 

■ 



_ 

1 

M 


62*5 

2-67 

B. 

3 

7 

6 

4 

2 

13 


55 

2*22 

C. 



3 

16 

^3 

22 


50 

2*00 

D. 

— 



4 

33 

13 

M 


45 

1*82 

E. 

8 


*3 

lO 

4 

10 


4^*5 

1*74 

F. 

— 


ag 

21 

7 

11 


40 

1*67 

G. 1 

— 

— 

40 

29 

mm 

9 


t 7-5 

1*21 

H. 

8 

22 

24 

19 

■a 

7 

12 

15 

118 

J. 

la 

^9 


16 

r 

6 

8 

5 

1-05 
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Nine preparations of the coal were made, to provide dusts of different 
degrees of fineness, by the use of coarse and fine grinding in different mills 
and by blending the products. Table II. records sieving analyses of these 
preparations, together with their " inflammabilities expressed (a) as 
percentages of stone dust, 5, in the mixtures through which (at optimum 
concentration) flame just failed to propagate when tested in the explosion 

TABLE III. — Fineness Factors for Sieved Fractions of Coal Dust. 


Meih of Sieve. 

Width of Meih. 

Inch. 

3 

0*1667 

5 

0*1000 

8 

0*0625 

20 

0*0250 

50 

0*0100 

100 

0*0050 

200 

0-0025 


Mean Diameter of 
Particle (D). 

Inch. 

Fineness Factor, 

01333 

0028 

0*0813 

0*046 

00438 

0-086 

0*0175 

0*214 

0*0075 

0*500 

000375 

1*000 


gallery, and (b) as the ratios ioo/(ioo — 5), which show the amounts of 
mixed coal dust and stone dust which unit quantity of coal dust just failed 
to render infiammable. The use of the latter index greatly simplifies 
discussion of the relationship between fineness and inflammability. 

From general inspection of Table II. it is evident that the inflammability 
of a coal dust is affected in a marked degree by the proportion of through 

20 o-raesh dust 



Fig. 4. — Relationship between fincne.ss and inflammability, can be assumed 

that the speci- 

fic surface of a dust particle is inversely propx>rtional to its mean diameter, 
and that the average mean diameter of the particles in a sieved fraction is 
the mean of the widths of the two meshes between w^hich the fraction lies. 
A proportion^ factor can then be assigned to each sieved fraction of a 
dust preparation, except that which passes through the finest sieve. To 
that fraction an arbitrs^ factor must be assigned. This method has been 
used to assess the relative fineness of the preparations used for the tests of 
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inflammability. The factors used for each sieved fraction are recorded in 
Table III. 

With these factors for each sieved fraction, together with an arbitra^ 
vsdue 2-000 for the fraction passing through a 200-mesh, the composite 
flneness factor, F*, for each of the dust preparations has been calculated 
from its sieving analysis, as shown in Table IV. 


TABLE IV. — The Fineness Factors (F^) of the Coal Dust 
Preparations. 


Prepara* 

tion. 

3-5 

(0*0028). 

3*8 

(0046). 

8*20 

(0*086). 

20*50 

(0*214). 

50-100 

(0*500). 

X0O-2OO 

(X’OOO). 

Through 

200 

(2000). 

Fineoeea 
Factor F^ 

A. 









0*005 

0*14 

1*70 

1-85 

B. 

0*001 

0003 

0*005 

0*009 

0*010 

0*13 

1*30 

1*46 

C. 

— 

— 

0003 

0*034 

0*115 

0*22 

0*72 

1*09 

D. 

*— 

— 

0003 

0-071 

0065 

0*14 

0*72 

1*00 

E. 

0*002 

o*oo8 

0*011 

0*021 

0*020 

0*10 

0*76 

0*92 

F. 

— 

— 

0025 

0045 

0*035 

0*11 

0*64 

0*86 

G. 

— 

-- 

0034 

0*062 

0*055 

0*09 

0*22 

0*46 

H. 

0*002 

0*010 

0*021 

i 0*041 

0*040 

0*07 

0*24 

0*42 

J. 

0003 

0*01 3 

0*020 

0034 

j 0-030 

o*o6 

0‘i6 

0*32 


In Fig, 4 the factors for the preparations are plotted against their 
inflammability indices, 100/(100 — S). The graph shows a linear relation- 
ship which can be expressed by the formula : 100/(100 — 5} = i*i Fe+o*7, 
whence S == 100 — 100/(1*1 F^ -f 0*7). 

Any deviation from the relationship expressed by this formula is within 
the limits of experimental error of 2*5 per cent, stone dust for the deter- 
mination of inflammability. 


THE SPREAD OF SMOKE AND GASES FROM 

CHIMNEYS. 

By C. H, Bosanquet, M.A., and J. L. Pearson, B.A., Ph.D. 
Received nth March^ 1936. 

I. Introduction. 

The authors have dealt elsewhere' with the following theoretical and 
practical aspects of the spread of chimney emissions : — 

(^i) a physico mathematical analysis of the phenomena involved in 
eddy diflusion ; 

(6) space-concentration distribution and mass-over-area distribution of 
emission from point and from line sources ; 

(c) the effects of chimney height on space-concentration and mass-over- 
area distributions. 

Mass-over-arca distribution of atmospheric pollution from chimney 
emissions is of practical importance, since it determines : — 

(a) in rainy weather, the amount of acid and dust brought down by the 
rain, 

(h) in fine weather, the extent of the curtailment of sunshine and ultra* 
violet rays. 

' /. Inst. Elec. Eng., July, 1935. and J. Inst. Fuel, April, 1935. 
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Space-concentration distribution governs the general environment of 
pollution, to which buildings and people are subjected when it is not 
raining, the effects from acids being dependent on and those from dust 
being largely independent of humidity. In a sense, ground level concen- 
trations should not be of great practical importance, since, in any civilised 
community, they are presumably already maintained below the extent to 
which they become actively inimical to health or injurious to vegetation. 

In this paper the mathematical analysis of the phenomena involved in 
eddy diffusion is carried further, with results that indicate that : — 

(а) any reasonable theoretical treatment of the subject-matter, utilising 

any reasonable assumptions, leads to closely identical conclusions 
canying similar practical implications ; 

(б) the earlier and more general treatment of the subject, as mentioned 

above, presents a fairly correct picture of the mechanism and 
effects of eddy diffusion, and is reasonably consistent with ascer- 
tained facts and experimental data. 

This paper, however, presents a more acceptable theory concerning 
vertical diffusion. 

It should be noted that, in practice, no theoretical assumptions at all 
have to be made in order to determine : — 

(а) the mass-over-area distributions from continuous emission by point 

or line sources, as averaged over long intervals of time, say a year ; 

(б) similar distributions over short intervals of time when the wind is 

swinging, to and fro, through an angle of the same order as that 
of the cone of discharge. 

With regard to distant ground concentrations arising from sources of 
continuous emission and as averaged either over long periods of time or 
over shorter periods with average wind swing, the only assumption is that 
concerning the effects of vertical diffusion. Up to distances of, say, 
fifteen chimney heights from the source, there can be little doubt about 
the ground concentrations, owing to the emission taking a form which is so 
often visible. 

The authors wish to call attention, in particular, to the widespread 
misconceptions that have existed in the past concerning : — 

i. chimney height : It can now be clearly shown that any increase 

above a reasonable height has no practical effect.* 

ii. concentration at moment of emission : This is really of very little 

importance indeed in practice, the most important factor in the 
problem of atmospheric pollution being the mass rate of emission 
of the objectionab^- constituents for any and every particular 
case. 

II. The General Case of Eddy Diffusion (l.e. for a single 

Dispersing Cloud). 

In a wind gases and dust will be dispersed more rapidly than in still 
air, since eddy diffusion arising from the effects of turbulence in the 
dispersing medium will be superimposed on the effects of kinetic diffusion 
and Brownian motion. Eddy diffusion coefficients found in practice 
vary considerably, but, in all cases, they are very large compared to the 
ordinary coefficients of the kinetic theory. The effects of these latter 
can be neglected in comparison. 

In eddy diffusion the variations of velocity from place to place 
correspond to velocities of agitation, and the average distance an 

* For a suggested criterion of reasonable height sec 7. Inst. Else, Eng., July, 

1935. 
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individual portion of gas moves before losing its sense of direction 
corresponds to the free path. 

G. 1. Taylor * has shown that there is no need to postulate anything 
definite about the type of motion of individual portions of gas in order 
to investigate the spreading of such properties as composition and 
momentum. All that is necessary is to assume that the correlations at 
different times between the vector velocities and the properties of the 
portion of the gas are functions of the time difference, the correlation 
decreasing from unity to zero with increasing time difference. The 
following analysis differs considerably from his, but is based on the same 
fundamental ideas. 

Consider a gas in which a property C varies along the x axis. Let 
the root-mean -square velocity fluctuations of individual portions of gas 
be u. Let v be the velocity component along the x axis, and let F{t) be 
the correlation between the values of v of the same portion of gas at 
times differing by i. Also, if the value of C varies from one portion of 
gas to another, let the correlation between the deviations of C from the 
mean of the surroundings at times separated by t be f[t). If f{t) is in- 
dependent of the deviation from the mean, then the probable deviation 
will decrease by equal percentages in equal time, so that 

/(/) 

Consider the case of a portion of gas whose velocity component along 
the X axis at tlie zero of time is v. At time — / let it be in a region where 
the mean value of C is then when / = o the probable value of C of the 
portion considered is given by : — 

(l) 

At time — t the probable value of d^r/d/ is equal to vF[t)^ so that the 
probable value of x is : — 

Xq-- v[ F{t)dt, 

*0 


and the probable value of Cf is therefore : — 

Co - jV(/)d< .... (2) 


Combining equations i and 2, the probable value of C can be found as 
a function of v. If for instance, F{t) == then the probable value 
of C will be : — 


V dC 
® A + L * d.r 


(3) 


This leads to a diffusion coefficient 


( 4 ) 


Any assumptions as to the form of f(t) and F{t) will yield an expression 
of this type. D is proportional to w* divided by the sum of two terms, 
K a rate of mixing term, and L a rate of loss of momentum term. K is 
obviously proportional to D and L is proportional to the effective kine- 
matic viscosity of the gas. Now the kinematic viscosity is the diffusion 


• Froc. Land. Math, Soc„ 1922, ao, 196.] 
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coefl 5 cient of the special property momentum and in eddy motion the 
diffusion coefficients of all properties will be equal, so that L is also 
proportional to D, 

By any theory the rates of mixing of similar portions of gas with their 
surroundings will vary directly as the diffusion coefficient and inversely 
as the square of tlieir linear dimensions. If ^(r) is the correlation 
coefficient between simultaneous values of v at points separated by a 
distance r, then the effective radii of the individual portions of gas will 
be proportional to : — 

u* 

Then D oc — 

Therefore D oc ^{^)dr . . ( 5 ) 

00 

^(r)dr is of the dimensions of a length, and can be roughly described 

0 

as being the mean radius of an eddy. In the ca.so of a smoke cloud from 
a chimney, the billows in tis outline will be separated by a dist.ince of the 
order of four times this length. 

If the flow pattern in a wind is independent of the wind velocity, then 
u must be proportional to the wind velocity. This setmis to be borne 
out in practice, since it is generally agreed tltat the eddy diffusion 
coefficient is proportional to the wind velocity, i.e, the spreading of a 
cloud depcnd> on the di.stance it has drifted down wind, and not on the 
time taken over the distaiuT. 

The phenomena of eddy diffusion will differ in three important 
respects from g.vs kinetic diffusion, viz, : — 

i. all gases as well suspended particles will tliffusr at the same 

rate, and the diffusion coefficient w*ill probably be numencolly 
equal to the kinematic eddy viscosity and to the thermal 
diffusivity ; 

ii. the diffusion coefficient will increase writh wind velocity, probably 

being nearly pro{>ortional to it ; 

iii. the diffusion coefficient will tend to increase as the scale of the 

phenomena increases. 

This latter conclui^ion, already stated by Sutton/ can lie obtained in 
various wrays. In considering the spreading of a cloud, it is obviou.H 
that only velocity fluctuations within the cloud can be effective in 
causing dispersal of the cloud, so that in equation 5 the value of u i* 
the root-mean square of the velocities of points in the cloud relative to 
the centre of gravity of the cloud. It is obvious that greater velcKity 
fluctuations will occur in a cubic kilometre of air than in a cubic centi* 
metre, so that u will tend to increase with the ntzo of the cloud. The 
mean difference cf the veiocitica at two points separated by a constant 
distance r whll, however, be a function of r only »o that the correlation 
between the velocities at two points fixed relative to each other will 


(jVldr)’ 

D 


* JProe, Roy. Soc., 193a, 135, 1,3. 
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J OO 

ff>{r)dr increase 

with the size of the cloud. 

The problem can also be dealt with by dimensional analysis. The 
diffusion coefficient can be assumed to depend only on : — 

the wind velocity ...... 

the kinematic viscosity . . . . v 

some undefined length / 

The kinematic viscosity here is the ordinary kinematic viscosity, not the 
kinematic eddy viscosity. / may be the height above ground, the mean 
radius of the cloud, the distance the cloud has drifted from its source, or 
.some kind of weighted mean of all three. In any case, the relation 
must hold that 

-»'/(;) m 

U Da: V, as suggested! above, then must be a constant, it is also 

a matter of commoti experience in hydraulics and aero-dynamics that 
large scale phenomena are uninfluenced by viscosity, leading to the same 
conclusion. 

It can theadore be assumed that D is very nearly proportional to vl 
for phenomena on a meteorological scale. 

If the standard deviation a be defined as the root-mean -square of the 
displacements of the constituents ot a < loud from a plane pa.ssing through 
the centre of gravity and normal to the direction in which diffusion is 
being considered, then by the ordinar)' laws of diffusion 

do _ D 
d/ a' 

li a cloud has it-* origin at ground level, and cross-wtions ot tlie cloud 
atter drifting different ilistanccs downwind are similar then 5 , the mean 
height above ground, is proportional to <7. Il, therefore, / can be identified 
with or I, and if D X t\ it can be setm that do /da' is constant w'here x is 
the distance the cloud has drifted from the source. I'hus r, i and a arc 
ail proportional to each other, and it makes no difference except to the 
numerical constant which of them is identified with /. 

Thi« analysis leads to the conclusion that a X a. Now\ the cross- 
section of a cloud from a continuous point source such as a chimney is 
proportional to a*, .so that the mean density in such a cloud varies as the 
inverse square of the distance from the source. It is shown by Sutton ^ 
that an inverse square law' of decrease of density b a limiting case corres- 
ponding to perfect correlation tietwcen the motions of a portion of air at 
all times. He give^ evidence, however, to sliow tliat the law is very 
closely approaci^ in practice, so that variations of the turbulence of the 
air w'ith weather conditions and with the nature of the ground will 
probably cause far greater errors in calculated values of the mean cross- 
section of a cloud at various distances than will a small deviation of 11 
from unity in the formula D oc a**. 
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III. Diffusion of a Gas Constituent from a Continuous Line 

Source. 


A. In deriving a formula for the concentration of flue gas in the atmo* 
sphere at different points downwind from a chimney, it is convenient to 
treat the horizontal and vertical diffusions separately. The two dif- 
fusions will follow rather different laws owing to the effect of the ground, 
so that vertical diffusion takes place in a semi-infinite space instead of an 
infinite space. 

Consider first a continuous line source of atmospheric pollution such 
as a row of chimneys, which is long compared to <y. 

It can be seen by watching a persistent smoke cloud coming from a 
chimney that, at points a few chimney heights away downwind, the 
cloud sometimes appears to be in contact with, and sometimes rises clear 
of the ground. It is necessary, therefore, to consider either the maximum 
instantaneous pollution density at a point or else the average over a time 
long compared with the time of passage of an eddy. This long time 
average will be considered here. 

In this case it is necessary to take account of vertical movements of 
the centre of gravity of the cloud as w^ell as of the spreading of the cloud, 
since the average concentration at any point is equal to the product of 
the average concentration when the cloud overlaps the point and the 
fraction of the total time during which overlap occurs. For a cloud 
w^hose sinuosities are large compared to its diameter, the average concen- 
tration inside the cloud varies inversely as the square of the diameter 
and the time varies almost directly as the square of the diameter, so that 
the time average depends almost entirely on the amplitude of the sinu- 
osities, and is nearly independent of the actual diameter of the cloud. 
The diffusion coefficient in the vertical direction then depends only on 
the root-mean-square of the vertical component of the wind velocity and 
on ^(r). These are both independent of the presence or absence of the 
cloud, so that D must be independent of both x iind a, and / must there- 
fore be identified with the height of the point above ground. 

The diffusion equation can therefore be written 

D = psD ( 7 ) 

where is a numerical constant. 

If diffusion can be neglected in the horizontal plane, i,e. if the source 
is a line source giving no cross wind variation of C, and if the concen- 
tration gradient in the direction of the wund is small compared to the 
vertical concentration gradient, then : — 


or 


dt 

dx 


pv 


'-(.■'-'I 

dzK it J' 


d2 

dC 


d« 


(•S) 


. ( 8 ) 


It appears an extraordinary conclusion at first sight that the diffusion 
coefficient should be least near the ground where the turbulence is 
expected to be greatest ; however, the effect of the ground is to reduce 
the correlation betw’een values of velocities at neighbouring points, i,e» 


to reduce 


rc3o 

j^>f>(r)dr. 


Further, components of velocity normal to a 


surface must vanish at that surface. 
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B. Derlvatioo of a Formula for Ck>ncentratlon at Ground 
Level doe to a Line Source at Finite Height. 

If a line source situated at a height h above ground emits a mass M 
of some constituent per unit length in unit time, then if the wind velocity 
is V at all points 

rcd«=^ (9) 

Jo V 

Combining equations 8 and 9, a complete solution can be obtained for 
the special case A = o in this case ; 

M -- 

C^—eP* ( 10 ) 

pvx ' ' 

In the general case, it is possible to analyse the distribution in the plane 
X ^ 0 into a series of exponentials similar to a Fourier series, so that the 
combined effect of a number of positive and negative line sources at 
ground level, at points upwind of the actual source, will combine to 
produce a line source of strength M at height h in the plane x = o. 

If the virtual sources are of strengths A, B, C, etc., situated at 
X — d/2, A' = — d/3, etc., then the conditions to be satisfied are : — 

*“4 -f- J 5 “t” C . . . = Xi 

, , * u 3 * 


4 - 2Be + iCt 


when z is unequal to h. 

These conditions are satisfied if ^ is vanishingly small and 


A = Me^ 
B ~ 

2 ! 


This expression is obviously vanishingly small for moderately large 
positive or negative values of and as d is decreased indefinitely, the 
distribution approaches more and more closely to a line source at height h. 
For positive values of x : — 



If* _• ) 

M 

^p\d X -i- df 

pvx 

I + 

1 X 




The only place w^herc the value of C is important is ground level, so that 
the special case of « *=== 0 will be considered. 

k 


Let 
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Then 




P log u 


Substituting this value in equation 1 1, and expanding the series in powers 
of u and ^ gives : — 


pvx I \ 2 ! 3 ! j pxloguK 




2.2 


3-3 




. h<‘ ( u* «« -I 

p*x* log* u\ 2* . 2 ! "^ 3* . 3 ! ' ‘ ‘ / • • • j- 

C is given by the limit of the sums of these series when u tends to infinity. 

The sum of the first series is obviously I — • and if each series 
be divided by u and then integrated with respect to u the result is the 
succeeding series. 

The sums of the series for large values of u are therefore equal to : — 


I, log u + K, 


log 
2 I 


log u + L, etc. 


Where L, etc., are numerical constants. 


® DVX ^ X / 


pvx 

M -4 
= — e ^ 
pvx 


( 12 ) 


since d is vanishingly small. 

h h 

Cq is a maximum when x ^ and w'hen x is large compared to the 

exponential term becomes unity, and C falls off inversely as the distance. 

C, The General Case where D = pvt^. 

Comparison of equations lO and 12 shows that the value of C at 
ground level due to a source at height h is the same as the value at height 
h due to a source at ground level. This is also obviously true for a 
diffusion coefficient independent of height, and may be assumed to be 
generally true for any law of diffusion. 

The general equation : — 

^ = p±(^i£) 
dx ^dg\ dz J 

can be solved for a source at ground level, so that if the above theorem 
be used 


Cq — 


2 — n 


tr^) 


M 


v{px) 


I 

2-fi 


e pz 


( 13 ) 


The maximum value of C occurs when = (2 — and the 

M M 

maximum concentration varies between 0-48 -r for n — 0 and 0*37 -r for 

vh vh 


n 


I. 
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The value of the concentration at the maximum is thus seen to be 
almost independent of the law of variation of diffusion with height and 
quite independent of the value of the turbulence constant p. 


IV. Diffusion of Dust from a Continuous Line Source. 


Equation 12 is derived on the assumption that no matter is lost from 
the cloud, and that gravity is without effect. In the case of dust 
particles, a steady fall must be superimposed on the dispersion, and all 
particles which strike the ground will be assumed to be retained. The 
result of this will be that the total mass of the cloud will decrease with 
distance. 

Again, consider the case of an infinite line source of strength 3 /, and 
let the free falling speed of the particles be equal to/. 

The diffusion equation now becomes : — 


and 


dx ^dx;\ dxj v dz 





( 14 ) 

(15) 


Equation 14 is equation 8 with a term added to allow for the fall of the 
particles, and equation 15 gives the rate of loss of mass from the cloud 
due to the settling out of the particles. 

If the source is >0 distant that the effect of height of emission is 
negligible, the .solution of these equations is : — 





(16) 


In the case of a gas /=:(), and for a very distant source C and Cq are 
expressed by equations 10 and 12 respectively for a source at height h 
at any distance. The formula for the case of dust must be of the same 
type a.s that for a diffusing gas, since the latter is a limiting case of the 
former. At small distances from the source, the failing of the dust will 
tend to increase the ground concentration, and at great distances the 
reduction of total mass of the cloud will cause it to fall below that given 
by the gas formula. 

If the ground concentration is independent of /at a distance .Y, then 
a possible form of the formula is 


^0 


I 

1 + l' 

plix 


A 

p* 


(17) 


Since all the dust will eventually settle, and the amount settling on unit 
area in unit time is equal to C^, wo have the relation 


J^Co/da; = M. 

If flpv is small, this condition is satisfied by equation 17 if : 
then 


o A 
178 -. 
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No formal proof of this formula has been obtained, but it is of the right 
form and gives the correct values for large values of and small values 
of flpv. An additional check can be obtained by evaluating 

j*CodA == Mlv. 

This gives the value of Cq due to an infinite vertical plane source emitting 
a mass M per unit area per unit time. At all points downwind of such 
a source, the value of C must be M /v, since no concentration gradients 
are present, and consequently there is no diffusion. This gives additional 
confirmation to equation 1 8. At great distances, then, the ground level 
concentration of dust from an infinite line source at any height above 
ground will fall off rather more rapidly than the inverse first power of the 
distance, the falling off being more rapid the larger the particles. 


V. Diffusion from a Continuous Point Source. 


If the source is concentrated at a point such as the top of a chimney, 
instead of being spread over an infinite line across wind, the lateral 
spreading must also be taken into account. 

Here the duration of the sample time is of even more importance than 
in the case of vertical diffusion from a line source. If a really long 
sampling period be required, e.g. if it is desired to estimate the average 
atmospheric pollution during the whole year, then the governing factor 
will be the distribution of direction of the wind. The instantaneous 
wadth of the smoke cloud w'ill be without effect in this case, .since increase 
of width will decrease the average concentration in the cloud and increase 
the frequency with which the cloud overlaps any given point, the two 
effects exactly cancelling each other. 

If the fraction of the year during which the wind direction falls 
within an arc 0 be otf, and the mean wind velocity be i\ then the average 
value of C for the whole year due to a chimney emitting a mass M of gas 
per unit time will be 


pvx*‘ 


■ (« 9 ) 


The mean value of a will obviously be — , and the variation of a with 

27r 

direction can be obtained from meteorological records, and is independent 
of any diffusion theory. 

Equation 19 gives the value of C which is effective in all cumulative 
processes, such as the blackening of the neighbourhood by soot, and to 
a great extent the attack of structures by acid constituents of flue gas 
such as oxides of sulphur and nitrogen and HCl. 

At points not far distant from a chimney, effects due to the maximum 
concentration over short periods may become of importance, e.g. the 
gases may be smelt, and in this case the effective sampling period can 
be taken as of the order of a few minutes to an hour, i.e. a period during 
which the mean wind direction is not likely to change appreciably. 

In this case, at points which are situated at a distance from the 
chimney smaller than the velocity of the wind multiplied by the mean 
duration of the minor transitory changes of direction, the lateral spreading 
of the mean cloud will be governed by the swing of the wind and equation 
19 will hold with a suitable value of a. 
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If a be the standard deviation referred to a vertical plane through the 
mean axis of the cloud, then 

cr OCX. 

Now 


dt a‘ 
dAr” va 


If, therefore, a oc then D oz av cc vx. At distances such that a is 
great compared to z cc x and, as pointed out above, in these circum- 
stances in the formula D oc vl, it makes no difference whether / be 
identified with a or z. Again, therefore, at great distances D ac cfV, so 
that cr/x is constant. 

In the case of gas emission, the total mass of unit length of the cloud 
will be everywhere equal to M Iv. The miiss m over unit area of the earth’s 
surface at a distance x downwind, and y to one side of the mean path of 
the cloud, must be a maximum when y = o, and fall off to zero at values 
of y large compared to a. If the diffusion coefficient be assumed to be 
a function of or cr only, and independent of y, and if concentration 
gradients along the cloud be assumed small compared to those at right 
angles to its mean direction of motion, then 

^ D 'bhn 

'bx V ' <)y*‘ 


These conditions are satisfied by the equation 

M -l! 

m = -7 = — g 2«f* . 

V2irot^ 

If D = qvo then a = qx. 

M 

m = g 

V 2nqvx 

Substituting this value of m for M in equation 12 gives for the ground 
level concentration due to a continuous point source, 


(20) 


• (21) 


, M 

* X'^pqvx^ 


px 


Similarly, for the case of dust with a free falling speed of /, 


.w (.-78 -)i 


2 + : 


^ A 

:g 


( 22 ) 


( 23 ) 


Viirpqx ^ 


VI. Comparisoo with Experiment and Numerical Values of 

p and q. 

The value of p can be estimated in various ways. Hellmann,® from 
experiments over an open field at heights of from 2 to 32 metres, found 
that the wind velocity varied approximately as This is in general 
agreement with the observation that the velocity of a gas flowing in a 

• Met. Z., 19x5. 
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pipe varies in the region of the pipe wall proportionally to the i jy power 
of the distance from the wall. A later formula of Hellmann gives 

V ^ a\og{z + h) c, 

where a, b and c a.rc constants. 

The mean of Hellmann’s first formula and the pipe results gives 

^ oc JBT*/* and Hellmann’s second formula gives ^ == -t-t- Now the 
dz * ^ dz B+ b 

product of the velocity gradient and the effective eddy viscosity must be 
constant and equal to the tangential force per unit area on the ground. 
Since the diffusion coefficient can be identified with the kinematic eddy 
viscosity, these two formulae indicate that D X and D oz b 
respectively, agreeing reasonably well with the assumption made in this 
paper that JD oc z. An approximate estimate of p can be made from the 
first formula. It is known that above about 5(X) metres the wind 
velocity agrees well with the value calculated from the horizontal baro- 
metric pressure gradient. Also the tangential force per unit area on a 
plane for large scale phenomena tends to the limiting value of about 
0*002 pF* where V is the velocity at points remote from the plane. If 
then the velocity be assumed to var>’ as s' * up to 500 metres, after 
which it becomes constant, then 

dV V 

dz 6(5 X 10 ^) 1 /*^ ’ 

and 0*002 pF* = pD 

D := 0*073 

If V be the velocity of the wind at lOO metres, then the value of D 
at 100 metres is 0*02 vz. This gives p = 0*02, a value which is probably 
too low\ since the tangential force of 0*002 pF* was obtained by experi- 
ments with smooth pipes and the tangential force on the earth’s surface 
may well be considerably greater. If a cloud from a chimney be viewed 
from the side, then the opacity is probably a function of the total amount 
of matter in the line of sight. The apparent density will be equivalent 
to that from a line source, since lateral spreading is without effect on the 
opacity. The apparent jgreatest density at ground level then will occur 
when px = A, or at a distance I fp chimney heights from the source. 

Dobson,* in a memorandum on atmospheric turbulence, gives a 
composite of eight successive photographs of a smoke cloud from a 
chimney. The maximum density at ground level is apparently about 
seven chimney heights from the source, giving p = 0*14. He states that 
on another day the apparent turbulence was 0*4 times as great, giving 
p = 0*06. In this case, there were a number of buildings immediately 
to leeward of the chimney, so that more turbulence would be expected 
than in Hellmann’s case. 

Experiments by Richardson ’ on smoke clouds from small sources 
near the ground give a mean standard deviation in the vertical direction 
of 0*45 m. at a distance of 5 m. from a source 2 m. above ground. This 
leads to a value of p of 0*01, but these experiments again were carried out 
over a smooth field where the turbulence would be expected to be low. 

♦Advisory Committee for Aeronautics. Reports and Memoranda No. 671, 

1919. 

’ Phil, Trans. t 1920, 1. 



a H, BOSANQUET AND J. L. PEARSON 


1261 

An average value of p is probably about 0*05, with possible variations 
by a factor of at least 3 in either direction. This value would make the 
apparent greatest density at ground level of the smoke cloud from a 
chimney occur at a distance of twenty chimney heights^ whilst the 
actual maximum density, allowing for lateral diffusion, would occur at 
half this distance. 

B. The Value of 9. 

Experiments by Richardson and Porter * on the horizontal scatter of 
small balloons released nearly simultaneously and drifting distances of 
between 30 and 600 km. give a mean value of a in the horizontal direction 
of 16 km. at a distance of 200 km. the best fit to their points being 
obtained if or oc a?® * This gives a mean value of q of o*o8 over this 
range of distances. 

Now, the value of a for horizontal diffusion is qx ; but for vertical 
diffusion from a source at ground level if Z) = pzu, then a = y/2 px. If, 
therefore, a is the same in the horizontal and vertical directions, and the 
cross-section of a smoke cloud is roughly circular or semi-circular, 
according to whether it is formed at a great height or near the ground, 
then q = 's/2p. This indicates a value of p of 0*057 from the balloon 
results, in agrcemet t with the mean value at short distances. 

C. Sootfall in and near Towns. 

It has been deduced above that the rate of deposition of dust at a 
distance x from a line source of intensity M is equal to 



where h is the height of the source above ground. 

The D.S.l.R. Report on Atmospheric Pollution for 1931 gives an 
account of experiments which were carried out in the neighbourhood of 
Norwich. Norwich can be considered in this case as a line source of 
smoke about 2 miles in length. At distances betw^een 2 and lO miles 
from the centre of the city the rate of dust deposition at points immedi- 
ately downwund varied as A -j* A being the rate of deposition of 
non-city dust. This agrees with the fonnula above if f pv and hjpx are 
both small. The v'alue of /for a 20 micron diameter coal particle in air 
is 1*5 cm./sec,, the mean value of v is about 500 cm. /sec., and p can be 
taken as 0*05. 

For particles of this size, ///>n == 0*06. The mean height of the 
chimneys of Norwich is probably about 15 metres, so that at a distance 
of 2 miles from the centre of the city, wdll var>^ between 0*83 and 
0*94. This difference from unity is partially compensated by the effect 
of the finite depth of the city, the mean value of ijx being J log^ 3 = 0-55, 
instead of 0*50 at a distance of 2 miles from the centre of the city. It 
would be expected, therefore, that the inverse first power law would hold 
with reasonable accuracy, as was found in practice. 

It will be noticed that although there is a considerable range of values 
of p deducible from different sets of experiments, yet there is no ap- 
parent tendency for p to decreare as the scale of the experiments is 

• Mtm. Roy, Met Soc,, 1925, i. 
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increased ; in fact, the smallest values are deduced from the smallest 
scale experiments (Richardson). If n is appreciably less than unity in 
the expression D = pvz^, then the value of p deduced on the assumption 
that n = I should fall off with distance from the source according to the 

law/)^*~* = const 

This confirms the statement made above that effects due to the 
deviation of n from unity are unimportant compared to the variations of 
p with conditions of weather and surface. 

VII. General Ck>nclu8ions and Applications. 


A theory has been developed by dimensional anal3^is for calculating 
the spreading of a smoke cloud from a chimney, and the results have been 



Fig. I. 


shown to agree reasonably well with experiment. At points close to the 
chimney the concentration at ground level is small, since but little smoke 
has diffused down to the ground. At a distance of the order of ten times 
the height of the chimney the smoke concentration at ground level reaches 
a maximum. The concentration at that maximum varies inversely as the 
square of the chimney height, and its actual value is almost independent 
of assumptions as to the variation of diffusion coefi&cient with height. At 
greater distances the concentration at ground level fails off again until 
after about fifty chimney heights the concentration varies as the inverse 
square of the distance and is independent of chimney height. 

A formula is given for the concentration at distances from the 
chimney foot. 

Assuming that p =« 0*05 and q =» o*o8 
^ looM 
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c 

The figure gives values of — for various values of x for a chimney one 

hundred metres high, with a wind velocity of 5 m./sec. is in milli- 
grammes per cubic metre, M is in metric tonnes per day, and the vsdues 
are those for y =* o, i.t, at pomts on the ground directly under the axis of 
the cloud. The upper curve gives values of C« if A == o, i.e. the difference 
between the two shows the efiect of chimney height in reducing the atmo- 
spheric pollution at ground level. With a chimney 100 metres high the 
concentration is halved at 2*9 km., and at greater distances the efiect of 
chimney height becomes progressively smaller. Over the range of distances 
covered by the curve the variation of dust concentration with distance is 
indistinguishable from that for gases, since the curves intersect at 3*56 km, 
and the slopes are very nearly the same for particles of the order of 20 
microns diameter. This is not surprising, since in the absence of diffusion, 
coal particles 20 microns in diameter would not reach ground until they 
had drifted 33 km. 

It may be pomted out that the general form of the curves is inde- 
pendent of any theory as to the variation of diffusion with height. In 
particular, the ratio of the yearly average contaminations produced by 
different t5rpes of source such as a power station and a town, at distances 
great compared to the chimney heights are independent of all theory. 
This point is stressed because this investigation was originally begun in 
order to find whether the superposition of the products of combustion of 
a power station in a town on those of domestic fires would cause an ap- 
preciable increase and in order to estimate the improvement attainable 
by using tall chimneys. 

It is seen that although the improvement is great in the immediate 
locality, yet a mile or two away the effect of chimney height disappears 
completely. 

GENERAL DISCUSSION. 

Mr. F. I. G. Rawlins (London) said : It would be of great use to those 
who have to consider the influence of fogs and dust upon buildings and 
their contents if they could be provided with a three-dimensional scheme 
showing, not only the amount of material deposited at ground level at 
given distances from a chimney, but also the vertical distribution. Clearly, 
local conditions would influence the relationships enormously, but any 
method of obtaining a rough idea of the amount of deposit to be expected 
on the r<x)f of a building of given height at a given distance from a chimney 
would be of considerable practical value. One imagines that fog and dust 
“ shadows ” are presumably cast by large obstacles, and this cculd be 
allowed for if some indication of vertical distribution could be obtained as 
a function of the other two variables. 

Mr. G. Noiihebel (Billvtgham) said : It has been shown from the 
principles of eddy diffusion that the maximum ground concentration occurs 
at a distance of the order of ten chimney heights from the base of the 
chimney. A curve for one particular set of circumstances is given by 
Pearson and Bosanquet in Section VII. of their paper. For other circum- 
stances, the maximum ground concentration C# in mgs. /M* at the centre of 
the line of discharge will be roughly 

1*55 X io»Af 
vh^ 

where M — mass rate of emission in tons/day, v = wind velocity in m./sec. 
h ^ chimney height in m. From this it may be deduced that when the 
wind -velocity is relatively low at z m./sec. and the emission is 60 tons 
SO|/day, the maximum ground concentration with a chimney height of 
330 ft. (100 m.) is 5 mgs. SOt/M». (A diagram showing the progressive 
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increase in chimney height required to keep the ground concentration 
below 5 mgs. /M* has been recently published, ) ^ This is not an unreasonable 
factor of safety, and yet few of the larger power stations fulfil this condition. 

It is evident that further experimental observations are urgently 
required on difiusion of smoke from chimneys, and biological experiments 
on the toxic effects of SO, and SO, are similarly required. It would be of 
interest, also, to know how much of the SO, in an atmosphere is oxidised 
to SO, when it is dissolved in the moisture in the lungs. 

Mr. C. H. Bosanquet (Billingham) said in reply : Measurements of 
numbers and size distributions of particles in the air at different distances 
from the source would be of great use in testing the theory. The size 
distribution should only vary very slowly with distance for particles less 
than 20 M in diameter. 

In reply to Rawlins : Small particles in the air will diffuse as a gas so 
that no true shadows can be produced by buildings. If a building is close 
enough to the source for an appreciable vertical concentration gradient 
to exist, then the downward currents lK*hind the building are more likely 
to produce an increase than a decrease of concentration. Large particles 
will certainly be deposited preferentially on the windward face of a building, 
but diffusion close to the lee side will bt^ abnormal due to the local disturb- 
ance of flow. 

‘ Pearson, Nonhebel and iriander, J. Inst, Elec. Eng., 1935, 77, i. 


THE DISSIPATION OF FOG. 

By Professor D. Brunt, M.A. 

Received yd Aprils 1936. 

1. The Formation of Fog. 

Fog is formed in air which is initially clear but damp, when the air 
is cooled to a temperature below' its dew-point. The temperature of the 
air immediately above the surface of the earth is controlled by the tem- 
perature of the surface. The cooling necessary for the formation of fog 
may be produced in two ways ; (a) by the loss of heat by long-wave 
radiation from the ground at night to a clear sky, or, (b) by the motion of 
warm damp air into a region where the surface of the earth is cold. 
Fogs formed by method (<aj are knowm as “ radiation fogs.’* Their 
formation requires a clear sky, and very light wind or calm. They do 
not form to the same extent on windy nights, as the turbulent mixing 
associated with strong winds distributes the loss of heat through so deep 
a layer that the dew-point is not attained. 

Fogs of type {b) may form either over land or sea. At sea they form 
in such regions as the Great Banks of Newfoundland, where a warm 
damp current of air from the Gulf of Mexico flows over a sea surface 
cooled by the Labrador Current. Fogs form in precisely the same way 
over land, w^hen, after a spell of cold weather during wdiich the ground 
has become cold, a warm damp south-westerly current sets in. Such 
fogs may persist for days, with visibility limited to less than 100 metres. 
An example oi such a fog occurred on Saturday, 15th February, 1936, 
persisting in places until the early morning of the 17th. After a week 
of fair and rather cold weather, a warm damp south-westerly current 
of air set in during the night of the 1 4th- 15th. 
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2. Some Physical Facts. 

Dense radiation fogs usually extend through a depth of 300 to 800 feet, 
while the temperature increases upward from the ground to the top of 
the fog by an amount which averages about 5® C. The amount of 
liquid water in a fog is from 3 to 8 per cent, of the amount of water present 
as vapour. Taking the mean value of about 5 per cent., we find that in 
a fog at 5® C. the amount of liquid water per cubic metre is 0*35 grammes. 

Fogs formed by the motion of warm air over a cold surface have a 
mean motion of about 5 to 7 metres per second. True radiation fogs 
move so slowly that the usual meteorological instruments fail to record 
their motion. It is usually assumed that radiation fogs have a motion 
of the order of i metre per second, but accurate observations of this 
kind are lacking. 

3. The Dissipation of Fogs. 

For the sake of clarity wc shall assume that the fog we have to dissipate 
is IOC) metres deep, and moves at a rate of i metre per second, and that 
the clear space which it is desired to form shall be lOO metres wide, at 
least initially. 

Any method of dissipating the fog which shall have any practical 
value must act rapidly through the whole depth of l(X) metres, otherwise 
the cleared space will take the form of a tunnel sloping upward through 
the fog. 

The methods of dissipating fog which have been put forward may be 
summari.sed under four heads, as follows : — 

{a) The electrical method, which consists in subjecting the air to a 
ver\' strong electrical field, preferably a brush discharge. There is no 
reason to suppose that this method could ever be effective in clearing 
such volumes of air .is would l)c involved in any practical dissipation of 
fog. 

{b) The mechanical method, which would bring down to the surface 
fog free air from above. The assumption that the removal of fog-laden 
air from the surface layers by suction would suffice to bring down from 
above clear air to replace it, docs not appear justifiable, and the method 
has never l>ecn regarded a serious possibility. 

(r) The thermal method of warming the fog until the fog-droplets 
are evaporated. This is considered in fuller detail below. 

(d) The chemical method, which consists essentially in the removal of 
sufficient water vapour from the air wliich carries the fog droplets to 
ensure the subsequent evaporation of the droplets. This method is 
discussed more lully below. 

4. The Thermal Method. 

Thi.s method appears at first sight very promising, since the total 
amount of liquid water in a 100 metre cube is only 350 kilogrammes. 
To evaporate this will require about 2 X 10* gramme calories, or say 
8 therms, which, if taken from the domestic gas supply, would only 
cost about five shillings. In practice, it would be impossible to warm 
the wffiole depth, without bringing the vertical temperature distribution 
to the adiabatic, witfi temperature decreasing with height at the rate of 

C. per 100 metres. To produce this temperature distribution would 
require another 36 therms, making a total of say 44 therms. It thus 
appears that the expenditure of 44 therms would suffice to clear a space 

43 
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lOO metres X lOO metres in a fog 100 metres deep. This space would 
slowly fill up again with fog as the result of the diffusion of foggy air 
laterally across the boundaries. If the fog had a general movement, 
the clear space would be carried away downwind, at the rate of i metre 
per second in the typical fog we specified above. 

If the fog had a general motion of i metre per second, foggy air 
would cross the windward boundary of the space to be cleared at the rate 
of 10^ (metre) * per second. If this air were heated as it crossed the 
boundary, sufficiently to clear it of fog-droplets by evaporation, heat 
would have to be expended at the rate of 0*44 therms per second, say 
27 therms per minute. The air cleared of fog would move downwind 
at the rate of I metre per second, and the effect would be to produce a 
clear space which would be icx) metres wide at the windward edge, 
becoming narrower as it proceeded downwind. I estimate that in a light 
wind the width of the clear space would be about 50 metres at a distance 
of 600 metres from the windward edge, at which the heat is applied. 
Computing the cost on the basis of the use of gas, we find that the cost 
of forming such a clear space and maintaining it clear for a further ten 
minutes would be about £35, which is small by comparison with the air- 
craft w’hich might be saved by landing in such a space. 

The difficulty of applying this method consists in the fact that it is 
not possible a priori to work out the best w^ay of applying the heat to the 
foggy air. No individual element of air must be heated to a temperature 
very far above that of its immediate surroundings, otherwise its buoyancy 
will carry it up through the fog so rapidly that its excess of heat is merely 
wasted. The burning of gas at the rale of 5400 cubic feet per minute, 
over a front of 100 metres, is not the simple problem it appears at first 
.eight. 

It would be easier to produce the necessary amount of heat by burning 
petrol, methylated spirit, or some other liquid, in troughs suitably dis- 
tributed. Experimental work would have to be done to determine the 
best distribution of the sources of heat. Dr. C. F. Brooks, an American 
meteorologist, has described in hi.s book entitled Why the Weather^ a 
successful attempt to bum a hole in a fog over an aerodrome by burning 
two 50 gallon barrels of petrol poured on the aerodrome. When the fire 
had died dowm there appeared a hole in the fog, through which an 
aeroplane w^hich had been waiting for it was able to land. 

5. The Chemical Method. 

The formation of fog requires an atmosphere containing suitable 
nuclei on which condensation can take place. The appearance of the fog 
is preceded by a fall of temperature, and an increase in the relative 
humidity, until a stage is reached at which condensation takes place 
upon the nuclei. The precise value of the relative humidity at which 
condensation begins depends on the nature of the nuclei, being lower 
for very hygroscopic nuclei than for the less hygroscopic. 

Recent work carried out by Bowes and Houghton at the Massachusetts 
Institute of Technology has aimed at dissipating fog by destroying the 
equilibrium between the fog particles and the surrounding medium. In 
this work, a very hygroscopic substance, calcium chloride, is introduced 
into the foggy air, with a view to reducing the relative humidity of the 
air in which the water droplets are suspended below the limit at which 
condensation could begin on the original nuclei. This destroys the 
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equilibrium between the fog particles and the medium in which they are 
suspended, with the result that the fog particles evaporate. 

In a laboratory experiment an artificial fog was prepared, and sprayed 
with small drops of saturated solution of calcium chloride. The results 
of this trial were so promising that it was considered worth trying out 
the method in a large scale experiment. Full details are not available 
of the large scale experiment, but it appears that it was carried out on 
a sea fog, a type of fog which drifts inland from the sea, but does not as a 
rule penetrate far inland. The saturated solution of calcium chloride was 
sprayed over a front of lOO feet from horizontal pipes set 30 feet above 
the ground, so that the drops of the solution fell through the fog, and in 
so doing scoured the air of its water vapour. The clear air formed by 
the evaporation of the fog droplets was carried forward by the wind, and 
the result was that a lane of clear air appeared in the fog, lOO feet 
wide and extending about 2000 feet downward. The initial visibility in 
the fog wa'* 300 feet. 

Little more than these bare facts have been published, and few details 
are available as to the visibility before, during, and after the spraying. 
Such observations are indispensable if we are to form a clear idea of the 
extent to which the apparent clearing was really due to the spraying 
of solution of calcium chloride. We are definitely not in a position to 
say that the one trial which has been reported in the Press w^as carried 
out under typical conditions. 

There are at least three aspects of the problem of the dissipation of 
fog by chemical means which deserve consideration. In the first place, 
the nature of the nuclei on which the fog droplets are originally formed 
is of fundamental importance, since their nature determines the relative 
humidity at which condensation will begin, and therefore also determines 
the relative humidity to which it is necessaiy^ to dessicate the air between 
the fog droplets in order to produce evaporation of the droplets. It has 
usually been supposed that in a city fog the nuclei are more numerous 
and more highly hygroscopic than in a country fog, and that therefore 
the city fog is a dense cloud of very fine drops in an atmosphere w^hose 
relative humidity may he w^ell below saturation, while the country fog 
consists of larger drops suspended in a medium whose relative humidity 
is about too per cent. It therefore appears safe to assume that if the 
relative humidity in a country or sea fog could be reduced to 90 per cent., 
the drops should evaporate, and the fog disappear. In a city fog, however, 
it w^ould be necessar)^ to reduce the relative humidity of the air to a 
much lower figure than 90 per cent., possibly to 70 per cent., in order to 
produce complete evaporation of the fog droplets. 

In the second place, the choice of the most suitable substance for 
spraying the foggy air has to be considered. For the purpose of experi- 
ments on feasibility of fog dissipation calcium chloride is effective, 
though it has considerable disadvantages as a final solution of the problem. 
Calcium chloride, on account of its acid properties, is a highly corrosive 
substance, and it can hardly be regarded as a suitable substance to 
distribute widely over an aerodrome, or any other locality where machin- 
ery of any kind is exposed. 

In the third place there is the question of the amount of the spray 
to be used, and the method of distribution. The amount of calcium 
chloride in the dry state required to reduce the relative humidity of the 
air in a space formed by a 100 metre cube from 100 per cent, to 90 per 
cent, is 140 kilogrammes. Or if, as in § 4 above, we consider the fog to 
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move at the rate of i metre per second, and distribute the salt at the 
windward edge of the space to be cleared in such a way as to clear the 
air of its fog as it crossed this edge, it is found that the dry chloride must 
be sprayed at the rate of 84 kilogrammes per minute. Using saturated 
solution of calcium chloride instead of the dry salt, 300 kilogrammes of 
saturated solution of the salt must be sprayed per minute. 

The most serious problem which arises in this method of fog dispersion 
is the mechanical one of the distribution of the hygroscopic agent. At 
first sight, anhydrous calcium chloride appears to have a great advantage 
in that it reduces the weight of substance to be sprayed to the lowest 
possible value. But on account of its hygroscopic quality the dry salt is 
difficult to store, and probably difficult to distribute without its clogging 
any apparatus used in the process. The saturated solution has the 
advantage that no very special precautions are necessary in storing it, 
but for its distribution in an effective way it is necessary to determine, 
the optimum size of drop, and to evolve a jet capable of emitting drops 
uniformly of that size. 

It appears to be unlikely that any method can be evolved for the dis- 
sipation of a fog in which there is no definite wind, since the dissipation 
would involve the distribution of the chemical agent (or of heat if the 
thermal method were used) over the whole of the area to be cleared. 
When the fog has a definite motion in a direction which is determinable, 
it is only necessary to distribute the chemical agent (or heat) along the 
windward edge of the space to be cleared. This is still a difficult problem 
to solve, but it should be possible to get some definite result by experi- 
ment even if the method of distribution fell short of perfection. 

Brief description.^^ of the work done in America in developing the 
chemical method of fog dissipation are given in the following papers : — 

(1) “A method for the local dissipation of natural fog,’* by E. L. 
Bowles and H. G. Houghton (Jnr.), Miscellanea of the American Philo- 
sophical Society, i6th September, 1935. 

(2) In Technology Review, October, 1934, p. 20, et seq., is given a 
semi-popular account of the work done by Houghton on the scattering 
of radiation in fog, and on fog dissipation. 


GhSERAL Disci SSIOS, 

Mr. C. F. Goodeve {l.ondon) said ; If this paper co\ers the present 
position of the practical dissipation of fogs, one is led to the conclusion that 
very little progress has t)een made. There seem to be many important 
questions .still unanswered, only a few of w'hich are indicated Ixdow. 

In the calculati<m of the amount of gas required to evajiorate the liquid 
droplets, no mention is made of the necesiiary temperature increase of the 
air. What effect on the cost w'ould this have ? The burning of gas or 
organic fuels produce water vapour and perhaps will do more harm than 
good ? If a fog is dissipated, there is an increase<l loss of heat by radiation. 
Has any estimation of this loss been made ? Have any calculations of 
the economic asfx^cts of using calcium chloride been marie ? Could not 
fountains l>e used to avoir! the erection of dangerous apparatus ? Could 
the calcium chloride .solution be cooled to increase its efficiency ? If it 
w ere caught in a trough system, could not a cyclical process be operated ? 
There are now standard methods for the economic control of humidity in 
factories by using refrigerating plant. Could not these methods be con- 
sidered for the removal of fog ? 
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Dr. R. Lessing (London) said that from experience with a coal 
cleaning process employing calcium chloride on a very largo scale he could 
confirm that there was no danger of corrosion. He anticipated^ however, 
that calcium chloride spraying on aerodromes would not be permissible as 
this electrolyte would coagulate the clay in the soil and inhibit the growth 
of grass, thus making the surface unsuitable for traffic on the ground. 

Mr. W. Barrett (Gerrard's said : Heat could be applied to 

remove fog from aerodromes by buried networks supplied with low voltage 
current, as already done in horticulture. It seems also worth considering 
whether a cloud of drops of the order of 6o/i radius could be laid down on 
the windward edge of the belt to be cleared, so as to bring down the fog 
particles. The cloud particles should be colder than the fog to avoid 
evaporation and subsequent condensation on fresh nuclei. 

Dr. B. W. Bradford (Billing ham) said : Attention may be drawn to 
work carried out in America on the dissipation of clouds by spraying with 
electrified sand from an aeroplane, in which excellent results were claimed. 
'I'he economics of the method have not been investigated — it is probably 
expensive — but it might lie applicable to special cases such as the dissipa> 
tion of fog over estuaries, or of smoke screens or toxic smokes in w’arfare. 

Dr. R. Meldau (Berlin) said : The idea of settling fog by dropping 
electrically-charged sand from aircraft has already been tried, but \rith 
the opposite effect.^ Indeed, in this way Veraart brought about the 
formation of clouds and mists. Probably the Americans used one polarity 
and the Dutch tl ’ other ; both made use of sands containing different 
.size particle.s, Siiring d<»es not consider the Dutch methexi to be very 
hopeful. I'he experiments do not appear to have been followed up. 

Dr. N. Fuchs (Moscow) (communicated) : Experiments on rain- 
precipitation from the clouds by spraying calcium chloride on them from 
an airplane vsere recently made in ( .S.S.R. For the most part, only 
structural changes in the clouds were observed after this operation, namely 
a clearing along the path of the airplane, the tearing of the cloud into 
several parts, etc. Hut in some cases a rainfall was actually obtained. 
At first the rain-drops were small, and their calcium chloride content high, 
but later on the drop-size increiised and the rain was pure water. 

Professor D. Brunt (London"^, in repl^^ said : My paper was not meant 
to b<.‘ encyclopa’dic, as Mr. Gcnideve would apf)ear to suppose. A number 
of j>oints not mentioned in the pajxT, including those raised by Mr. Goodeve, 
were considered, and omitted from the paper as irrelevant to the main 
ijuestion. The nect*ssary temj>erature increase of the air involved in the 
evajxiration of the tog is allowed for in the estimate of heat required, and 
IS shown in the first paragraph of section 4 of my paj-ier to be 4J times the 
amount of heat reijuired to evaporate the liquid water. The addition to 
the amount of water vapour present, involved in the use of liquid or gas 
fuel, is relatively small, and makes no essential difference to the estimates 
of c<»st which I gave Vhe increase in the loss of heat by radiation will not 
lead to any appreciable complication during an interval of time ^uch as is 
aimed at in clearing fog. It has not txxm suggested that calcium chloride 
should be regardetl at present a.s mv»re than a suitable substance for ex- 
pc^riments, and any calculations on the economic aspect of the choice of this 
particular compound appear a hltle previous. The suggestion of using 
fountains is quite impracticable. Drops of a size sufficient!}" small to 
present a reasonable amount of surface area to the air could not be sprayed 
up to heights such as are necess«ir>' for fog-clearing. The pixssibility of 
using a cyclical process such as Mr. C^Kideve suggests might be considered 
at a later stage, but the first question is to decide whether the chemical 
method is at all fea.'^ible and effective. Methods involving the use of. re- 
frigerating plant, which may be effective in a closed vessel, or even inside 
a building, wuli not of necessity work in the open air. 

* See A, Veraart, Het kunstmatig verwekken van Begen, N.V. Dr, ^Tuid-HolL 
Boek-en Handelsdrukkerij, Gravenhage, 1930. 
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I now agree that I was mistaken in supposing that calcium chloride is 
corrosive, but this only removes one of several objections to the use of this 
substance. 

Dr. Barrett's suggestion of using low voltage current to heat the air 
has never been tried, as far as I know. I cannot say how rapidly the heat 
from such a network would spread upward. A rapid diffusion of heat 
upward is not so necessary in horticulture, and the success of this method 
in horticulture does not of necessity mean that it would be effective in 
dissipating fog. Only an actual trial could determine the utility of the 
cloud of cold drops laid to windward of the area to be cleared. 

The evidence as to the utility of electrified sand is so contradictory 
that it is impossible to assess its value. 

The experiments described by Dr. F uchs are puzzling, and it is far from 
obvious why the later stage of the experiments should give the precipitation 
of pure water. 


VARIATIONS IN THE ATMOSPHERIC DUST 
CONTENT DUE TO MICRO-ATMOSPHERIC 
INFLUENCES. 

By Robert Meld.ai: (CharloUenburg). 

Received igth March, 1936, in German and translated by J. Colvin. 

Holmes and his co-workers, in a report * by the American Committee 
of investigation on the smoke distribution from the Selby Copper Works 
in Montana (1915). first drew attention to the variable distribution of 
the smoke into regions. They marked “ smoke routes ” on a maj) 
(Table VI.) and established numerically that both the sulphurous acid 
content of the air and the arsenic and lead content of the soil were greatest 
at quite unexpected places in the region, namely, at 2*2 km. and 5*5 km. 
respectively from the chimney-stack. From the map, we may assume, 
without being able to particularise, that tliese phenomena are occasioned 
by a special configuration of the region, especially by locally restricted 
variations in the humidity (sea-shore, creeks). 

If we insert numerically in the maps of the large towns, tlic measure- 
ments of the dust deposits, puolished by the Committee for Atmospheric 
Pollution, we find that the places of maximum deposition practically 
never coincide with the places of maximum industrial activity. The 
same conclusion is to be drawn both from the measurement of the 
annual dust deposit — as for example, in the town of Halle (Fig. i) — 
and from the instantaneous measurements of Ldbner in Leipzig* in 
1935; 

Schaeferei Trolha is situated in a slightly built-up area, Barbarastrasse 
separated from the industrial centre. The dust centres in Leipzig are 
irregularly distributed away from the station and factories. 

If compare the very valuable map on the characteristics of the 
poisonous Mcu.se valley fogs • with a geographical map, we must again 

^ Bull, 98, U.S. Bureau of Mines. 

* Alfred I^bner, Horizoniale u. vertikale Staubvetieilung in einer Grosstadt, 
Leipzig, 1935. 

• Batta, Firquet and I..eqclerc, opposite p. 264 of their Wf>rk. 
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conclude that it is not possible with any degree of certainty to explain, 
or even less to predict, where the zones of fog concentration must lie on 
geographical grounds and where fatalities are to be expected. Diffi- 
culties are encountered to a still greater extent if an attempt is made to 
explain why the fog concentration and the fatalities do not lie in the 
same zone, by assigning an essential part in precipitation to the land 
formation. 

These and many other completely independent investigations, carried 
out moreover, 
for other pur- 
poses, seem to 
demand the 
following con- 
clusions : — 

(a) At cer- 
tain places, the 
atmospheric 
pollution there 
arising is often 
disseminated ir- 
regularly into 
regions ; wina 
direction and 
land formation 
do not always 
suffice to ex- 
plain this ir- 
regularity. 

(b) I’his ir- 
regularity is not 
merely a con- 
sequence (»t dis- 
placement of 
the smoke in 
bulk by the 
wind or of sedi- 
mentation dur- 
ing dispersal ac- 
cording to the 
size of particle, 
but is markedly 
variable. 

(c) Thus fog 
and dust may 
first concen- 
trate at un- 
expected places, sometimes quite remote from their place of origin. 

The fine differences of temperature, humidity and of air currents 
(recently called microatmosphcric) is an essential cause of thh variation. 
Everyone who h<vs carried out dust investigations has found that there 
exists not only in the open, but also in large factory rooms or assembly 
halls, a system of ascending and descending air currents and vortices, 
which, for example in closed Jiclls, can bring about ver\" stable zones of 
differentiated deposits. 
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VARIATIONS IN THE ATMOSPHERIC DUST 



Above ma- 
chinery the warm 
air ascends, divides 
on reaching the 
ceiling and sinks, 
to be cooled at the 
external walls or 
windows. 

The following 
examples may serve 
to show how finely 
distributed these 
microatmos p h e r i c 
currents are, and 
what differences in 
dust content they 
may effect. 


Fig. 2. — Dust distribution and wind directions at a street 
crossing in Leipzig (I.^bner). ^Dust content in lo* 
particles j>er litre of air.) 


Fig. 2 (Lbbner *) 
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Fig. 3 shows 
the air c u r- 
rents and the 
te m p e r a t ures 
mapped out for 
a Berlin street. 
The differences 
in the tempera- 
ture and in 
t he currents 
s ,7 's,f which contri- 

Fig. 3, — Air-current and temperature map in a Berlin street bute to the 
running east-west, under the influence of a south wind of variability of 
2-7 metres/sec. 

tent are clearly shown both at the ground and at higher levels. 

^ Cp. J. Grunow', Der Lujtaustauach der Gros&tadt, Z. V.D.I,, 1936, So, 71. 
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GENERAL DISCUSSION. 

Dr- R. Meldau (Berlin) (communicated at the meeting) : It is worthy 
of note that, arising from the investigations upon which Firket has re- 
ported, the lines of equal dust content in open country do not coincide 
with the contour lines. I am indebted to Firket for showing me a diagram 
containing the measurements. It follows from the fact that such accre- 
tions and decretions of dust occur, that microanalysis of industrial dust 
should have exceptional significance, because it makes it possible to say 
whether a particular dust has originated from a particular source. As a 
result of extended experiments, I have demonstrated that such micro- 
analysis can, in large measure, be utilised morphologically. The differen- 
tiation of the dusts may lie in their external shape, and surface condition, 
in their colour, reflectivity, or refractivity, or in their internal structure. 
These differences can readily be noted micrographically, especially if 
natural colours are used.^ (The author then showed on the screen a small 
selection of his microphotographs.) 

Mr. W. Barrett (Gerrard's Cross) said : Associated with wind, especi- 
ally with gusty wind, are rapid variations of pressure. The air in a heap 
of dust responds to these and so the top particles are lifted into the system 
of eddies described by Dr. Meldau. It is probably for a reason of this 
nature that, under a falling barometer, dust is more readily lifted than at 
other times and this gives a physical explanation of the popular saying 
that blowing dust commonly foretells rain. 

Dr. R. Lessiiifi (London) called attention to the eddies produced in 
wind by buildings of even moderate height, and cited the case of an ane- 
mometer at a coastguard station on the Atlantic coast, the irregular 
working of which was traced to a cottage some distance away interfering 
■with the streamline flow of the wind. 

Dr. R. Meldau (Berlin), in reply, said : Settled dust is frequently 
lifted again How settled dust may be lifted again from soil has been 
studied in the case of the sand-hills and of the ripple marks on sands, both 
in theory’ as in practice. 

^ See Meldau. Archiv, WdrmewirlMhap, 1930, 281 ; ibid., 1931, 304 ; Z.WD.J. 
1931, 14O7: 1935, 35<'» ; Stach, Z.V.D.I., 1935. 5^3 • Molisch, Pflanzenchemic 
und PJlanzenverwand'ichaft, Fi.scher, Jena, 1931. 


THE ENERGY EFFICIENCY OF IONISATION IN 
ELECTRICAL PRECIPITATION. 

By C. a. Meek and R. Winstanley Lunt. 

Received 27 tk March, 1930. 

1. Introduction. 

In the phenomenon of electrical precipitation of dusts and mists it 
is possible to distinguish at least three main processes which lead 
.ultimately to the precipitation of the particles : 

(i) The ionisation of the gas in which the dust or mist particles are 
suspended. 

(ii) The transfer of electric charge to dust or mist particles in col- 
lisions between these particles and electrons, positive ions, 
43 * 
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and negative ions ; the ions concerned being those derived from 
the molecules of the carrier gas. 

(iii) The motion of charged dust or mist particles due to the electric 
field between the electrodes. 

In this paper we shall be mainly concerned with process (i). We shal 
consider firstly the general character of the process of ionisation of the 
carrier gas, particularly in its relation to the Townsend coefficient of 
ionisation, the electric field, and the pressure of the carrier gas. After 
noting the main characteristics of the type of discharge used in electro- 
static precipitation, we shall then consider how far the conditions in such 
discharges depart from the optimum for effecting the ionisation of the 
carrier gas. 

2. The Townsend Coefficient of Ionisation. 

It was shown by Townsend ^ that if a constant current of electrons^ 
Zq, be liberated from the surface of a (plane) metal electrode (for example, 
by allowing a beam of ultra-violet light to fall on it), and if a constant 
electric field be maintained between this electrode and some other 
plane electrode so that the electrons tend to move away from the surface 
at which they are liberated, then for any given pressure of gas in the 
space between the electrodes, the dependence of the total current flowing 
between the electrodes, z, and the distance between them, x cms., is 
given by 

f (1) 

where a is a constant. Townsend interpreted this exponential growth 
of the current with the distance between the electrodes by supposing 
that the electrons leaving the cathode acquire sufficient energy from their 
motion in the field to enable them to ionise the gas molecules in col- 
lisions, the electrons formed simultaneously w'ith the ions performing 
similar collisions. He showed that a is a measure of the ability of the 
electrons to ionise, and is defined as the average number of ions generated 
(or of ionising collisions suffered) by an electron per cm. of its drift * 
motion in the direction of the uniform electric field between the elec- 
trodes ; he termed a the coefficient of ionisation. 

Numerous determinations, mainly by Towm.scnd and his collabor- 
ators,* have shown that, in a given gas, a/>~^ is a function of the ratio 
where X is the strength of the uniform field between the electrodes, 
and p the gas pressure ; by convention X is expressed in volts cm.""^, 
and p in mm. Hg, so that Xp~^ is expressed in units of volts cm.**^ mm. 

An important point concerning these experiments to determine 
cx.p~^ is that the current density was very small, being of the order of 
10 ® electrons cm."'* sec. and that the pressure rarely exceeded 50 mm. 

Hg. 

It is found that the dependence of ccp‘~^ on Xp''^ can be expressed 
to a close approximation by the empirical f expression over a wide 

' Townsend, Electricity in Gases, Oxford, 1915, Chap. VIII. 

* The actual motion of the electrons i«, of course, largely random ; it is 
customary to speak of the component of the total motion in the direction of the 
electric field as the " drift ** motion. 

* Summarised in Knoll-OUendorf-Rompe, Gasentladungstabellen, Leipzig, 1934. 

t A theory of Townsend * which attempted to provide a theoretical basis 

for this expression is now recognised • to be based on untenable hypotheses. 

* C/., for example, Mierdel, Handb. d. Experimental Physik, vol. XIII., part 3. 
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range of Xp ~^ 

rrr , . . . • ( 2 ) 

where fej and ^2 constants characteristic of the gas concerned. 

A quantity related to a is the energy efficiency of ionisation, rj ; 
this is defined as the average number of ions generated per electron-volt 
of energy supplied from some external source to maintain the discharge 
in which the ions are being produced. From the definition of a, it follows 
that the average energy gained by an electron from the field, X, whilst 
it produces a new ions, is simply X electron-volts, or 

ri=^OL,X-^ . . . ( 3 ) 

Since a . - (ap-^) . . . . (4) 

it follows that r) is also a function of and that values * ol rj may 

at once be computed by means of (4) from the published data for 
and the corresponding values of Xp~^. On substituting the appioximate 
empirical expression for a in (3) w'e find that 7) will be approximately 
represented by 

r,^k,. ( 5 ) 

From this it follows that a single maximum, is to be anticipated 

for 7 ) considered as a function of Xp~'^, and that this maximum value 
will be attained hen 

A>-» *2 (6) 

The data for 1; in air derived from the published data for a/)"^ 
are shown in Fig. i, from which it is seen that this quantity passes 
through a well-defined maximum, 1-45 X I ions per electron-volt for 
= 400. 

Whilst little attention appears to have been paid previously ^ io 7f 
or (xA^^, it must be pointed out that long ago Townsend ^ recognised 
that the point of inflexion in the curves of a,p^^ as a function of Xp^^ 
provided the explanation for the Stolctow effect, and, of course, the 
existence of such a point of inflexion is formally identical with a maxi- 
mum in olX~^. What does not appear to have been fully recognised 
until recently is that clX'~^ (or as we shall refer to it henceforth, rj) is 
an energy efficiency for the production of ions.f 

Since tlie energy' efficiency for the production of ions of the carrier 
gas, is clearly a matter of importance in any proces.s of electrical pre- 
cipitation, it is pertinent to enquire, firstly, how far this dependence 
of 7 } on Xp^^ may be anticipated to remain valid in the corona dis- 
charges used in eleciricai precipitation, secondly, what are the values 
of in these discharges, and thirdly, how far the values of for the 
usual corona conditions diverge from the maximum. 

♦ The relation to convert 17 ions per electron-volt to practical units, A gms. 
of ions per K.W.H.. is 

A ^ 37*4 . .V . - 7 , 

where M is the molecular weight of the ion concerned. 

* Townsend and McCallum, Phil, Mag., 1934, 17, 678. 

* C/,. for example, ibid., 1934, 17, 678. 

t Von Engel and Steenbeck •• ’ have discussed the importance of the related 
quantity the averse energ>^ expended per ion produced. 

• Steenbeck, 2 . Physik, J929, 53, 192. 

’ Von Engel and Steenbeck, Blekirische Gasentladungen, Berlin, 1932, p. 93. 
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3. The Dependence of r) on in a Corona at Atmospheric 

Pressure. 

It has already been mentioned that, in the experiments of the 
Townsend school to measure the current density was extremely 
low, and the pressures of the order of a tenth of an atmosphere, or less. 
The first important application of these data to other conditions was 
Townsend’s prediction of the sparking potential between parallel plates 
in gases at the same range of relatively low pressures.® The success 
attending this prediction indicates that the values of arc still valid 
for the current density immediately preceding the breakdown ; whilst 
such current densities must be considerably greater than those in the 



Fig. I. — The energy efiiciency of ionisation in air. i;. 

Curve I, left hand and top scaie ; curve z, right hand and bottom scale. 

experiments to measure ap““\ they must be less than those in a discharge 
maintained solely by the potential between the electrodes * (no measure- 
ments of the current density in the transition stage appear to have been 
made). In considering the experimental data for the sparking potential 
between parallel plates (and other shapes of conductors) at atmospheric 
pressure, Schumann,® by using a simplified form of the Townsend con- 
dition for breakdown,® came to the conclusion that the dependence of 
on Xp”^ was no longer represented by (2). He proposed several 

* Townsend, op. cit., Chap. IX. 

•That is a “self-sustaining discharge"; in the experiments to measure 
the current is maintained by the photo-electrons ejected at the cathode and 
by the interelectrode field. 

• Schumann, Elektrische Durchbruch feldstarhe von Gasen, JuliusSpringer, Berlin. 
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empirical formulae, finally reaching the conclusion that the best of these 
was 

a - .> 1 . X“2 . exp. B . X^^), . . . (7) 

where A and B are positive constants, and X is the field strength * in 
kV. cm.*"^. Since the pressure is now constant (atmospheric) it does 
not appear in (7). Some idea of the empirical nature of this expression 
may be gained by noting that Schumann • selects values of A and B 
for a particular electrode configuration. The corresponding value of 
the energy efficiency, which we will denote by 17,, then follows as 

- io->a . X-i == ur\4 , X-“» . exp. (- B . X-*). . (8) 

It is interesting to note that also passes through a maximum as X 
(and hence shice p is now constant) progressively increases ; by 

differentiating (8) it can easily be shown that nwut occurs when 
X - ( 25 /^) 0 •^ or 

(w^J76o)X (9) 

The actual values of cannot be computed from (8) because A is an 
unknown constant ; we can, however, evaluate r^JA which is pro- 
jjortional to rj^. By using Schumann’s values for a wire-in-cylinder 
electrode configuration, B ^ 6300, it is found that 17,, niax occurs at 
X — 65 kV. cm."'^ or Xp''^ = 85. It is a little difficult to estimate 
the weight that Schumann himself attaches to the values of a given by 
(7), for, although he points out that these lead to a satisfactory (but 
empirical) interpretation of the phenomena of breakdown, he also 
points out that, for the above value of expression (7) predicts that 
a itself will pass tlirough a maximum for X = = 79*5 kV. cm.~\ 

and of the existence of this maximum he expresses considerable doubt. 

The next develof intents come from the Rogow-sky school where 
Paavola showed that direct determinations of in air at atmo- 

sjihcric pressure by a modified form of the Townsend^ technique are in 
substantial agreement wdth the values predicted from (2), using values 
for the constants Arg derived from measurements of the Townsend 
school * at much lower pressures ; these results were confirmed later by 
Masch,'^ It wa<; tlicn shown by Rogow'sky that the use of these values 
of a/>~* in a modified theory of breakdown led to predictions of the 
actual conditions of breakdown in good agreement with experiment. 

If Rogowsky’s theory be accepted, then his results show that the 
values of «/>“' given by (2) are valid for atmospheric pressure and for 
current den.sities up to the value immediately preceding breakdown : 
again, although the absolute magnitude of this limiting current density 
is not known, it must be less than that in the discharge which follows. 
It then appt^ars that Schumann's success in accounting for breakdown 
phenomena by using values of a given by (7) and a simplified form of 
Towmsend’.s condition for breakdown must be attributed to mutually 
compensating errors ; it follows that the values of rj^ given by (8) are 
open to coHvSiderable suspicion. 

In the absence of any other relevant further experimental data, it 
is necessary to glance at the theory of the Townsend coefficient a in 

* On account of the high field encountered in discharges at atmospheric 
pressure, it is customary to express these in kV. cm.~^, and for that we shall use 
the distinguishing symbol X w^here -Y ~ io*X. 

Paavola, Arch. /. Elecirotech., 19^2, 443- 

Masch, ibid., 1932, 26^ 587. Rogowsky, ibid,, 1932, 36, 643. 



1278 IONISATION IN ELECTRICAL PRECIPITATION 


order to attempt a prediction of the continued validity of the dependence 
of a/>~^ on in the still greater current densities of an actual corona 
discharge. 

4. The Theory of the Townsend Coefficient a. 

Emeleus, Lunt, and Meek have recently shown that the theory of 
an electron swarm moving in a gas under the influence of a uniform 
electric field leads to the following expression for a/)~^ : — 

o,p-i ^ W~^ . k . M{P), .... (lO) 

where W is the average electron drift velocity in the direction o( X and 
is known as a function of Xp~^ from the work of Townsend and his 
collaborators,® k a numerical constant = r86 X lo®^ and 

= . . . (II) 

In (ii) f{V)dV is the energy distribution function for the electrons in 
the swarm and must be a function, F{V)y of the average electron energy, 
V ] V is known from the work of the Townsend school to be a function 
of Xp^^ for low current densities and gas pressures comparable to those 
used in the determination of <tp^^. The expression Qi(V)y the probability 
cross-section for ionisation by an electron of energy V electron-volts, is 
the quantity determining the probable number of ionising collisions made 
by an electron of energy V per cm. of its (actual *) path through a gas. 
Since f(V)dV = F{P} = Fy{Xp'^^) by experiment, and since 
also by experiment, it follows from (lO) and (ll) that a/)*”' is predicted 
by this theory also to be a function of Xp’^^. _ 

By using the data of Townsend for the dependence of W and V 
on Xp^'^y the data of Tate and Smith for and by making the 

assumption of a Maxwellian formf for f{V)dVy it is found that, for 
hydrogen and certain other molecular gases including air,$ the values 
of (and therefore also of t}) calculated from (lO) are in good agree- 
ment with experiment. This agreement between theory and experi- 
ment is evidence that the only assumption involved, that of a Maxwellian 
electron energy^ distribution, must represent § very closely the actual 
distribution in the experiments in which a/)"', W and V were determined 
as functions of Xp^'^. But the theoretically calculated values of 
are also in satisfactory' agreement with the experimental values deter- 
mined at atmospheric pressure for which there are no corresponding 
data for the dependence of W and V on Xp^^. At this pressure there 
are therefore three assumptions ^ in volved in calculating a/>“^ from 

** EmeMus, Lunt and Meek, forthcoming paper in Proc, Hoy. Sifc. 

Townsend, The Motion of Electrons in Gases, Oxford. 1925. 

* The velocity W is the component of the actual velocity in the direction of 
the field X. 

Tate and Smith, Physic, Pev., 1932. 39, 270. 
t Pe„f(V) . dV ^ {27/2ir)0*6 . PO'6 . . dV, 

I Since there are no QdV) values for air, an approximate expression, based 
on that valid for other gases ; this takes the form Qf{V) A , {V -- Vf) where l\ 
is now the “ effective " ionisation potential* of air, 16*3 volts. 

§ Although the assumption of this distribution effects the correlation between 
experiment and theory, there is no proof that it constitutes a unique solution, 
although this is highly probable for other reasons.^* 

f It is now necessary to assume, in addition to the Maxwellian nature of the 
distribution function, that the dependence of W and If on Xp^^ is the same as 
that measured at much lower pressures. 
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(10) and (li): whilst it is, of course, possible that the observed 
agreement with experiment may be due to mutually compensating error^ 
it is more reasonable to conclude that the dependence of W and K 
on Xp''^ at atmospheric pressure is sensibly the same as that observed 
at lower pressures, and that the electron energy distribution is still 
Maxwxllian. This conclusion relates necessarily to the relatively low 
current densities for which a/)“^ was determined at atmospherk pressure. 

It remains to consider whether this dependence of IV and K on Xp''^ 
and the distribution function may be anticipated to remain unchanged 
in the considerably higher current densities of corona discharges at 
atmosf)hcric pressure. The early experiments of Wilson indicate 
that the values of W in positive column discharges in air at low pressure 
are of the same order of magnitude as those determined for much lower 
current densities Whilst there is no evidence for discharges at atmo- 
spheric pressure, a related case with which comparisons may be made 
is that of the formation at atmospheric pressure of ozone from oxygen 
in ozoniser discharges ; this form of discharge is essentially a capacity 
limited corona. Lunt and Meek have calculated by expressions 
formally similar * to (10) and (ll) the energy efficiency for the formation 
of ozone from oxygen as a function of Xp”^ in fair agreement with 
experiment. In performing these calculations it has been assumed, 
in addition to the existence of a Maxwellian electron energy distribu- 
tion, that the dependence of W and P on Xp^^ for oxygen at atmospheric 
pressure is the same as that measured at much lower pressures. 
Whilst this result might again be due to mutually compensating errors, 
it suggests strongly that the assumptions involved are correct. If this 
conclusion be accepted then it is rea.sonable to infer that it may also be 
anticipated that, also in the case of air in a discharge at atmospheric 
pressure, the electron energy distribution is sensibly Maxwellian, and 
the dependence of IF and P on is sensibly the same as that 

measured at much lower pre.ssures. It then follows that the depend- 
ence of r] on Xp '^ given in Fig. i may also be anticipated to remain valid 
in the conditions of atmospheric corona. 

Iherc is ample experimental evidence from probe data that, dis- 
charges at low pressure the electron energy is frequently Maxwellian, 
at least to a close approximation ; and Druyvestyn has recently pointed 
out in a theoretical investigation of the distribution function that, on 
account of the interaction between ions and electron-*, the distribution 
for the high current densities of a self-maintained discharge (of wffiich 
corona is one example) must approximate closely to the Maxwellian. 

Summarising thi.s discussion of the actual values of and r] at 
atmospheric pressure fo|r low current densities, and their continued 
validity in a corona discharge, we see, firstly, that the direct deter- 
minations of Paavola and Masch for low' current densities indicate 
that no great reliance can be placed on the values given by the empirical 
expression oj Schumann. Secondly, that although there is no direct 
evidence for the continued validity of these values in corona discharges, 
there are many lines of argument wdiich indicate that this is probably 
the case. 

*• Lunt and Meek, unpublished work. 

* That is, expressions in which 0<(F) is replaced by the corresponding quan-' 
tity for the excitation and subsequent dissociation of molecular oxygen by 
electron impact. 

Compton and Langmuir, Rev. Mod. Physics., I930t 3 * i ; ibid., 1931, 3, 192. 

Dniyvesteyn, Physica, 1936, 3» 05. 
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5. The Field in a Corona Discharge. 

Whilst a complete theory of the mechanism of corona discharges 
is still lacking, it is generally accepted that ionisation by electron impact 
is confined to a luminous zone, the corona itself, close to one (or both 
in the case of a parallel wire system) electrode. It is therefore in this 
zone of the discharge that it is pertinent to the practice of electrical 
precipitation to consider the values of and the corresponding 

values of the energy efficiency for ionisation of the gas, tj. For sim- 
plicity we shall confine our attention to the “ wire-in-cylinder ” type 
of electrode arrangement, and, in particular, consider the case closely 
related to current practice, a i /i 6-inches diam. wire centrally placed with 
respect to a tube of 7 inch diam. ; the radius of the wire, r, is then 
o-o8o cm., that of the cylinder, /?, 8*9 cm., and the spacing between 
the electrodes, a, 8-82 cm. In order to illustrate certain theoretical 
predictions we shall also consider the case of a larger wire diameter, 
r = 0*200 mm., in the same sized outer cylinder so that the value of 
a is now 8*70 cm. 

Unfortunately, there appear to have been no direct determinations 
of the field bet-ween concentric cylinders for continuous current corona 
discharges since those of Booth in 1917; and from the small scale 
diagrams reproduced in his paper it is impossible to estimate the field 
in the region of the actual corona, the diameter of which can be estimated 
from independent data. It is therefore nece.ssar>' to approach the prob- 
lem from the theoretical side, which, as has been mentioned, is far from 
being completely developed. 

The earliest theory of the current-voltage relationship in corona 
discharges is due to Townsend.*® In this it w’as assumed (amongst 
other things) that the field at the outer edge * of the corona, Xg, 0, 
was equal to limiting critical field for breakdown at large electrode 
spacings between conductors of small curvature, about 30 kV, cm.'^^ 
in air at atmospheric pressure ; it w?is also assumed that the ionisation 
in the corona was determined by the mean field in the corona wdiich 
w^as itself as.sumed to be given by 0*5 (X^ + 30), where is the critical 
field at the surface of the wire necessary to produce corona. The 
assumption that X^., 0 5=: 30 kV. cm,~^ has also been used later by Peek 
in attempting to provide an explanation for the dependence of the 
corona diameter on the applied voltage. In a recent investigation 
Prinz ** has pointed out that the Townsend theory (together with 
several others) fails to predict the experimentally observed relationship 
between the applied potential and the power absorbed by the discharge, 
and that this failure is attributable, in part, to the neglect in these 
theories of the effects due to the field in the corona itself, and to the 
assumption that X^, 0 <=: 30 kV. cm.~^. Prinz then develops a modified 
theory of corona which takes account of the field in the corona ; the 
great merit of this theory is that it predicts the observed potential* 
power relation.ship despite the fact that, as Prinz himself admits, it is 
to some extent empirical. Not merely does thi.s theory' enable calcula- 

Booth, Physic, Rev., iQiy, 10, 266. •• Townsend, op. cit.. Chap. X. 

♦ The symbol X will be used to denote field strengths cxpre.ssed in kV, 
thus distinguishing them from A' which refers to volts cm.*'. 

Peek, Dielectric Phenontena in High Voltage Engineering, 2nd edition, 
New York, 1932. 

** I^nz, Die Gleichspannungskorona, Dr. Ing. thesis, MOnich, 1934. 
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tions to be made of the field in the corona, X„ as a function of the radial 
distance x, but it also leads to the conclusion that X^, g is less than 
30 kV. ^ by an amount depending on the geometry of the electrode 
systern. This latter conclusion is of particular importance for electrical 
precipitation, because, as may be seen from Fig. i, the lower the value 
of (and therefore also of . p-^) the lower is the value of rj. 

We shall now consider the application of Prinz’s theory to the 
particular cases mentioned previously. The first relationship required 
is that of the dependence of the corona radius, Xq, on the applied 
potential V kV. For this there are no completely satisfactory data, 
due mainly to the fact that this radius is difficult to define ; we shall 
rely here on the photographic determinations with quartz lenses by 
Whitehead ** who found that for values of V exceeding the critical value 
for the commencement of corona, by more than a small amount 
(of the order of 5 kV.) the relation is 


(F~. r/), . . . (12) 


where K is a constant depending on the geometry of the system. The 
case investigated by Whitehead approximating most closely to that 
we are now considering was for r = 0*1165 and R = 9*3 c"m. ; from 

his data the v'due found for K is 0*035. Prinz adopts the value 
K = 0*5 cm. kV."^ which is obviously impossibly high, but from the 
data given in his Fig. 57 appears that the value corresponding to the 
other conditions stated on that Fig. is K = 0*0565 cm. kV.“^, but 
whether this is an experimental value is not clear. We shall adopt the 
experimental value K = 0*035, consider the case for a relatively 
large corona radius ^0=1 cm. For the values of r and R selected, 
the values of found from the standard (experimental) expressions,*^* ** 
arc approximately 25 kV. and 42 kV. respectively. 

Ac( (»rding to Prinz’s theorv*,** the field at the outer edge of the corona, 
X<., is given by 

X., 0 = .rg->a% + {X, - r)IK) . 


X 




(p-^) 




0*32 1 


A'F 


U3) 


where, for the case of concentric cylinders, )3 = log^ Rjr, After per- 
forming the calculations, it is found that for r = o oSo and 0*200 mm. 
the values of X^, 0 are, respectively, 2*3 and 7*3 kV. emr^ ; the cor- 
responding values for the potential across the electrodes according to 
(12) arc F = 50 and 65 kV. respectively. 

It must be pointed out that these values of X^, ^ are surprisingly 
low, and until direct confirmatory evidence is available, we believe 
that they must be accepted with some caution. Since the wdre electrode 
is negative, the corona itself may be regarded as a glow discharge 
in which, due to the high pressure, the negative zones have contracted 
to microscopic dimensions close to the wire, so that the main bulk of 
the corona will approximate to a positive column. There are un- 
fortunately few data for positive column discharges in air, but Wilson 

“Whitehead, Proc. A,i.E,E.. 1912, 31, 839, 

“Wilson, Proc, Camb. Phil. Soc., 1902, 11 , 249, 391. 
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in 1902 showed that at low pressures, and for current densities compar- 
able to those in corona at atmospheric pressure 

= 35 . (14) 

If we assume that this relation is still valid at atmospheric pressure, 
the value of is r28 ; this result would then signify that luminous 
discharges would be expected to occur in air at atmospheric pressure 
for this value of It will be noticed that this value is considerably 

below the values of corresponding to the values of X^, 0 derived 

from the application of Prinz’s theory, the relation between Xp^^ and 
Xe, 0 gjven by 

= (io*/76o)X„ 0 . . . . (15) 

We may therefore find in these results of Wilson some provisional 
justification for accepting the low values of X^,, 0 predicted by Prinz’s 
hteory. 

In order to calculate the energy efficiency of ionisation in the corona 
we require to know, firstly, the values of A/)“^ at the radial distance x ; 
these follow from (15) when X^, 0 replaced by the X,, the field at the 
radial distance x, which, from Prinz’s theory^ is given by 

X,-x-^Ao.X„o (16) 

It is found that resulting values of Xp^^ inside the corona lie partly 
below the range in which (and thence rj) has been measured, 

A'/>“^ ^ 31. For the values of Xp~^ < 31 the data of Masch do not 
suggest any obvious method of extrapolation ; we have therefore made 
the somewhat arbitrary assumption that r) has the constant value of 
0*05 . 10”** corresponding to the measurements at — 31. Some 

justification for this procedure is afforded by the work of Emcleus, 
Lunt and Meek,^® who have concluded that at very low values of Xp^^ 
the electron energy distribution varies in such a way that the diminu- 
tion of rj as Xp^^ diminishes is not nearly so rapid as that predicted by 
(10) for a Maxwellian distribution. In any case, the error introduced 
probably leads to high rather than low values of rj for A’/)"' less than 31. 
For higher values of Xp~^, 17 has been derived from the data of Masch, ^ 
Fig. I. 

Since varies in the corona itself, the quantity of interest to 

evaluate is the average value of the energy efficiency of ionisation in 
the corona, ij. From the definition of rj it follows that the rate of 
generation of ions at the radiai distance x is given by the product of tf 
and the rate at which energy is supplied to maintain the corona at this 
radial distance. 

If I is the current in fiA per cm. length of the wire- in -cylinder system, 
then the energy input to the corotia per cm. length, is given by 

Pc = ^^*3 • f . dx electron-volts sec."*, 
or, by (16), 

P, = 6-3 X io« . / . X.. , . . dx 

= 6-3 X io« . / . X,, 0 . log, *,/r. . . . (17) 

Similarly, the total ionisation per cm. length, ions sec.~*, is given by 

N, = 6-3 X io» . xo . / . A%. . x-i . dx, . . (18) 
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where ri^ is the value of rf at the radial distance x. From these expressions 
the average value of rj may be found, and is given by 




r 

-1 — Ji 


r)^-^dx 


log. 


(19) 


The values of the integral in (16) must be found by quadrature. After 
evaluating this integral and for the two values of r under consideration, 
we find for r = o*o8o and 0*200 cm., respectively, ^ = 5*6 X lO”^ 
and 1*22 . IC”*. This shows that ^ is considetably higher for the thicker 
wire, but is still onlv i*2 per cent, of the maximum value, 1*45 . lO^* 
(Fig. I). 

It must, of course, be pointed out that this gain in the average value, 
ij, by using a thicker wire is achieved at the expense of a higher operating 
potential. It is therefore pertinent to consider next the overall energy 
efficiency, referred to the total energy supplied to maintain the 
corona, Pf, Per cm. length of wire, Pf is given by 


Pt “ fi‘3 ^ electron-volts sec."^. 


Hence from (17) and (19) the overall energy efficiency of ionisation, 
is given bv 

.... (19) 


the values of rj^ derived from (iQi for f ^ o-oSo and 0*200 cm. are, 
respectively, 6*55 X and 2*20 \ I0“^. These results show that 

despite the increased operating voltage, there is still a considerable 
increase in overall energy efficiency of ionisation to be gained by using 
wire of larger diameter. 

Summarising this application of Prinz’s theory to the conditions of 
electrical precipitation, the most striking result is the prediction of veiy^ 
low values of the (ionising) field in the corona itself. The authors there- 
fore believe that direct experimental determination of the field in corona 
would be of considerable importance, for the fact that Prinz’s theory 
correctly predicts the dependence of the direct current corona loss on 
the voltage, and geometry of the system, cannot of itself be regarded as 
complete proiif of the validity of this admittedly ** semi -empirical 
theory. The values of the average energy efficiency corresponding to 
these low corona fields are also extremely low compared with the pre- 
dicted maximum ; the calculations for central wires of different dia- 
meters indicates that a considerable gain of efficiency* of ionisation may^ 
be achieved by the use of large central wires. 


6. The Effect of Dust and Mist on 7 ;. 

The calculations made in the preceding section relate to air alone ; 
it is next necessary^ to enquire how far the conclusions reached there 
might be modified by the dust or mist present in actual precipitating 
conditions. In their recent summary*, Micrdel and Seeliger** have 
pointed out that the presence of dust or mist lowers the critical corona 
voltage and increases the corona current for a given applied voltage. 
These results suggest that, other things being equal, the presence of dust 
or mist tends to lower the field in the corona and therefore also the 
energy efficiency of ionisation. \s in the case of dust-free air discussed 

** Micrdel and Seeliger, Arch, f, Elektrotechmk, 1935, 29, 149. 
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in the previous section, no certain conclusions can be drawn until direct 
determinations of the field in the corona have been made when dust or 
mist is present. 

Summary. 

Reasons have been given for believing that the value of the energy 
efficiency of ionisation in air at atmospheric pressure determined at low 
current densities are valid in the higher current densities of corona dis- 
charges. 

The recent theory of Prinz has been applied to calculate the field 
strength in corona for conditions approximating to those found in the 
practice of electrical precipitation. This theory predicts that the field 
strength will increase with the wire diameter. 

From the values of the field strength derived from the application of 
Prinz's theory the ov’erall energy’ efficiency of ionisation has been calculated. 
These are found to lie far below the maximum value. 

This application of Prinz’s theory has revealed that further experi- 
mental work is desirable to determine the dependence of c(^rona size on 
the electrical and geometric factors, and tt> determine the field in the 
corona itself. 

The Sir William Ramsay iMhoratories of 
Inorganic and Physical Chemistry, 

University College, London, W.C. i, 
and 

Imperial Chemical Industries, Ltd. 


THE PHYSICAL BASIS OF ELECTRICAL GAS 
PURIFICATION. 

By G, Mierdel and R. Seeligek. 

{Received in Ger^nan, nth May, 1936 ; and translated by R. \\\ Lunt.) 

It is well know’n that in prin<.iple electrical ga.s purification consists 
in subjecting the mixture of ga.^^ and dust to a unidirectional electric 
field in which an electric discharge in the form of a corona ‘\i> taking place. 
The dust particles become charged in the latter, so that they move in 
the field towards one of the two electrodes where they are deposited for 
the most part as a firmly coherent layer. In principle, the charging and 
precipitation can take place in separate units, the gas stream flowing 
from one to the other, an arrangement which can be advantageous in 
many cases. In practice, however, almo.st without exception the two 
processes take place in tlie same apparatus, and this e.ssentially takes 
one of tw’o forms, wire-in -cylinder, or wire-and -plate. 

(1) The Charging of Dust Particles in the Corona Discharge. 

In gases at high pressure, which conditions alone are now relevant, 
it is possible to distinguisli two zones in a corona discharge : there is a 
narrow’, luminous zone in the neighbourhood of the wire electrode, the 
corona itself, and a completely non-luminous region which extends from 
the corona to the outer electrode. This visual difference between the 
two zones can be accounted for theoretically. In the corona there is a 
field distorted by space charge maintaining the discharge in a steady 



G. MIERDEL AND R. SEELIGER 1285 

state, and in which the necessary charged particles of the same sign as 
the wire are generated by electron collisions {“ electron avalanche 
These charged particles are carried to the other electrode by the field 
in the non -luminous or “ transport *’ zone. On account of the relatively 
small volume of the corona, the transport zone is practically the only 
region which is effective in charging the dust particles ; a more exhaustive 
examination of the processes occurring in the corona is therefore only of 
secondary interest for tiie theory of charging the dust.^ 

It will suifice to consider here a negatively charged ware, and therefore 
negatively charged carriers, in the transport zone, for these are the only 
conditions found in practice ; that is why ceteris paribus, the current 
for negative corona is somewhat greater than for positive, and, more 
important still, the breakdown potential, which sets an upper limit to the 
operating electrode potential, is also appreciably greater for negative 
corona.^ Under these conditions, negatively charged carriers (molecular 
ions) leave the corona and wander towards the anode, their motion being 
determined by their mobility and the field in the transport zone. The 
concentration of these carriers varies from case to case, and from place to 
place, depending on the field ; for the usual conditions found in practice, 
an average value is 10® cm.~®. The dust particles present thus exist in 
an atmosphere of (uncharged) gas, admixed with a negative ion gas, the 
Litter h.iving an extremely small partial pressure (about 10“^^ mm. Hg) . 
hrom tJiis standpoint, the charging ot the dust particles can at once be 
understood. The ion gas naturally takes part in the general thermal 
motion, and its temperature is but slightly liigher than that of the 
(uncharged) gas. The dust particles suffer collisions with ions about 
times less frequently than with neutral molecules, and they must gradu- 
ally become more and more strongly charged negatively, because the 
ions give u}) their cluirge on reaching the surface of a dust particle, and 
because there no mechanism available by which the dust particles can 
acquire a (ompensating positive charge. This charging takes place with 
a gradually diminishing velocity because of the corresponding increase in 
the force exerted on an approaching ion. The finite time of transit of 
a dust particle through tlie ion atmosphere sets a limit to tiie charge 
whieJj may be acquired, which, as experiment shows,® is proportional to 
the radiu.s, r, of the particles which are assumed to be spherical ; for 
normal operating conditions the number of elementary charges, q, 
acquiretl by a dust particle, is given by q = 2 . 10® . 

Apart from this purely kinetic treatment ol the mechanism of charg- 
ing, there is also the po.s.<ibiIity that charging may occur in a region 
where there is a much higlicr held, in fact, such a field, under certain 
conditions, may be able to effect the further charging of a particle when 
the forces exerted by it on a colliding ion have become so large that, on 
account of its thermal motion alone, practically no further transfer of 
charge from ions is possible. The limiting charge, which may be 
acquired by a particle under the inffuence of an external field, £, can 
be derived by considering the equilibrium between the forces at the 
surface of a particle, and the distortion of the (initially) homogeneous 
field by polarised dust particles, assumed spherical as before. If the 
dielectric constant of the particles is D, then in elementary units is 
given by 

Q,^e-^[i + 2 (D-l)l[D + 2 )]E.r\ 
where e is the electronic charge. 
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For the conditions obtaining in practice {E = about 3 kV. cm.**^), 
and for particles greater than about Jfi diameter, it can then be seen 
from the above expression that the limiting value of the charge which 
may be acquired under the influence of the field may exceed that arising 
from gas kinetic effects alone, i.e. that above this particle size the limiting 
charge increases as the square of the particle radius. This relationship 
has been frequently verified by experiment, for example, recently by 
Fuchs, Pet rj an off and Rotzeig.^ 

The question now remains as to whether the time of transit of a 
particle under the conditions obtaining in practice is adequate to allow 
the limiting charge to be acquired. Pauthenier and Moreau- Hanot * 
have given the following expression for the growth of the charge with 
time : — 

Q = b.n .e. t)l{\ IT . b . n . e . t), 

where b is the mobility of the ions (b — 600 e.s.u.), n the carrier concen- 
tration (10* cm.“®), and e the electronic charge. On inserting these 
values in the above expression, it is found that a transit time of o*i sec. 
is necessary for 90 per cent, of the limiting charge to be acquired. For 
a gas velocity of 2 m. sec.“^, whicli is an average value for industrial 
practice, it is then seen that it would be necessary for the particle to 
traverse only 20 cm. in order to be charged ; this di.stance is negligible 
compared with the several meters of effective precipitator length usually 
employed, 

(2) The Drift and Precipitation of Dust Particles. 

Having derived the charge on the dust particles, it is now po.'isible to 
discuss the velocity with which they drift to the anode, or (>rcripitation 
electrode. Assuming, as before, spherical particles, the drift velocity, 
for particles of present interest {i.e. from 0‘l — lo^ diam.*) may be 
derived from Stokes’ law, or 

E .e. C/(6ir .ri.r), 

where 77 denotes the viscosity of the gas. The particles drift with this 
velocity towards the anode where they remain and become precipitated. 
Although there is this loss of particles at the anode, the concentration of 
particles throughout the gas is maintained uniform by the turbulence of 
the streaming gas and also by the eddies due to the electric wind ; it 
can then be .seen that the conc' ntration must fall exponentially along 
the gas stream tlirough the precipitator. This exponential relationship 
between the concentration and the time of transit, or the length of the 
precipitator, was demonstrated by Anderson and Horne in America at 
the time when the technical development of electrical gas purification 
was beginning. More recently, Deutsch ’ developed the complete ex- 
pression relating the degree of purification defined as the ratio of the 
re.sidual to initial dust content, to the drift velocity u\ the mean gas 
velocity v, and the precipitator dimensions (length L, and electrode 
separation 5). This expression lakes the following forms 

for wire-in-cylinder systems { 1 — exp. [— - 2 . tr . Ll{s . r)], 

for wire-and-plate systems { = 1 — exp. w . Ll{s , i^)]. 

It is thus possible to calculate the dimensions of a precipitator for a 
specified I from given data for the dust laden gas. Alternatively, the 
correctness of the above expressions can be tested, for example, from 
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measurements of the variation of { with and from these w could be 
derived and then compared with the theoretically calculated value.® 

The field strength in a precipitator, is mainly determined by the 
space charge associated with the drift of unipolar carriers, and a knowledge 
of E is necessary to calculate w and Q. For a wire-in -cylinder system 
Townsend has derived an expression from which it follows that E is 
simply determined by the current density and i>, except in regions in the 
immediate neighbourhood of the wire ; this expression is jF = ( 2 ijb)^'^ 
where i is the current per cm. of precipitator length. For the conditions 
obtaining in practice i may be taken as 0*01 ma. (or 3'10* e.s.u.) cm.~^ 
and, using as before, b = 600 e.s.u., it is then found that £ = 10 e.s.u., 
or 3000 volt cm.“^. The derivation of E for a wire-and-plate system is 
beset with considerable difficulties, and it is necessary to assume that, to 
a first approximation, the values of E will not differ appreciably from 
those in a wire-in-cylinder system. On introducing these calculated 
values of H into the expressions given previously for the charging and 
the mobility, it may be showm that small particles of diameter less than 
i/ut drift with a velocity of a few cms. sec.“^ practically independent of 
their diameter, and that, on the other hand, larger particles drift with a 
velocity proportional to their diameter, for example, about 25 cm. sec.*^^ 
for a diameter of lO/i. 

The very good agreement between calculation and experiment 
affords evidence that there is no process contributing appreciably to the 
removal of dust in electrical precipitators other than those already 
mentioned. In particular, contrary to earlier opinion,® the electric wind 
does not effect the directed transport of dust particles to the precipitation 
electrode, a conclusion that would be at variance with the continuity of 
the gas stream.^® 

(3) The Influence of Dust on the Electrical Conditions. 

We will now turn to consider the effect of dust before and after 
precipitation on the electrical conditions in a precipitator; this is a 
matter of practical importance. 

Uncharged dust has no effect on the corona discharge. The effect 
of charging the dust is to introduce a large number of carriers of greatly 
diminished mobility, and consequently a space charge. Whilst the 
fraction of the total current carried by the (charged'^ dust particles is 
little more than i per cent, under normal conditions, the space charge, 
being equivalent to the introduction of a negatively charged grid, has a 
considerable effect in diminishing the total current. It can be shown 
that the presence of this space charge necessitates a modification of the 
Townsend expression for tlie current -potential relationship in a wire-in- 
cylinder system, i = F(F — Fg), in such a way that Fg is increased, the 
amount being numerically equal to the space charge per cm. length of 
the system ; an experimental verification of this deduction has been 
described by one of us.^® In practice, the increase in Fg may amount 
to several kV., and leads to a diminution of the current, which latter 
effect may, however, be avoided by suitably increasing the electrode 
potential, F. 

The effect on the discharge of the deposition on the anode of coherent 
layers of precipitated dust is much more complicated, and also introduces 
serious practical difficulties. The effect is mainly dependent on the 
structure and moisture content of the precipitated dust, and may, 
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therefore, take many forms. A systematic examination of the available 
technical data, together with laboratory experiments, has led at least to 
a qualitative elucidation of the principal phenomena.^* A character- 
istic effect is the appearance of ionisation on the precipitated dust 
layer : this can lead either to a stabilisation of the discharge, or to a 
disruptive discharge, sparking. In the former case, there is an increase 
in the current and a decrease in the efficiency of precipitation ; in the 
latter case, the operating potential is diminished whenever spark-over 
due to the dust occurs, and consequently the efficiency of precipitation 
is also decreased. 

The theoretical explanation of the foregoing effects arising from the 
precipitated dust layer on the anode may be expressed in the following 
terms. In the case of a layer of low^ ohmic conductivity, from dry dust, 
the potential across the layer due to the passage of the total current 
would amount to a considerable fraction of the electrode potential ; 
the current therefore tends to flow through cracks in the dust layer in 
which ionisation of the gas has occurred. If the dust layer is sufficiently 
homogeneous for the cracks, and hence the alternative current paths, to 
be uniformly distributed throughout the layer, the stabilising effect 
previously mentioned is attained. On the other hand, if the current 
flow through the layer is highly localised, then the resulting high current 
densities at these points give rise to conditions favouring the development 
of sparking. 

Various devices are employed in practice in order to minimise these 
difficulties. The resistivity of the (precipitated) dust may be very 
greatly diminished by the introduction of moisture, either before of after 
precipitation. Further, by suitable choice of the geometr>' of the pre- 
cipitation electrode, the formation of thick layers can be avoided, the 
dust being collected through slits or holes (** pocket electrodes,” ” high 
power electrodes The wave form of the electrode potential has also 
an influence of behaviour of a precipitator. Whilst a d.c. potential is 
naturally most effective for a speedy charging of the dust (its maximum 
value being set by the breakdown potential for the system), it has been 
found sometimes to be advantageous to super-impose a 50-cycle wave 
on the usual d.c. potential ; this is especially the case for dusts of low 
conductivity, and the effect is attributed to the possibility that this 
procedure affords for the “ dust condenser ” to discharge in the intcr\'als 
of zero current, and thus avoid the building up of potentials which 
might otherwise lead to breakdown. 

In conclusion, it may be remarked that the essential points of the 
thcor>' of the physical processes involved in electrical precipitation 
arc understood, and that further development will be concerned only 
with particular problems. Furthermore, the practical development of 
electrical precipitation has now^ been carried so far that serious diffi- 
culties may be anticipated in special cases only. The design of smaller 
and smaller units is, however, a field in which further development would 
be profitable. The production of these at an economic price, would be 
of importance to (national) hygiene, and the curve of development 
given at the Second World Power Conference in 1930 would then show a 
sudden increase. 

Siemens-Rohrenwerk^ Un iverstdt, 

Berlin-Siemesstadt, Grei/szvald. 
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GENERAL DISCUSSION.* 

Mr, A. G. Grant {Darlington) said: 1 would like to congratulate Meek 
and Lunt on their very interesting analysis of energy conditions inside the 
corona in a wire and tube discharge system. It would be interesting to 
know if in their work they have been able to throw any light on or draw 
any conclusions in regard to the conception of “ minimum corona energy 
distance " evolved by Peck in the States, and to some extent accepted 
here Peek’s \'iew is that in order that corona may occur, it is necessary 
that the gradient should exceed that neces.sary for breakdown for a certain 
minimum distance from the wdre, this distance being vaguely connected 
with the minimum travel necessary for an ion to acquire ionising energy. 
It seems now that the very detailed analysis made by the authors ought to 
throw' some light on this problem. 

Dr. B. W. Bradford (BiUingham) said : It is possible in practice to 
pi edict the j>erformance of an electrostatic precipitator by the expression 
due to Deutsch.* FVir the case of the w'ire in cylinder arrangement, this 
takes the form : 

Hq — n ^ 2kvt 

I _ 

Where ^ind n are respectively the initial and final fume ion concentrations, 
k is the mean mobility of the fume ions, v is the applied voltage difference, 
i is the time of contact in the precipitator, R and r are respectively the radii 
of the outer and inner electrodes. 

Phis formula is based on the simple assumptions : 

(а) that the combined etiects of turbulence and ionic currents preserve 
a uniform ionic concentration across the cross-section of the tube. 

(б) that the field intensity can be expressed by the classical formula : — 

X ^ 1 JL. 

X In R/r 

No assumptions are involved regarding variation of intensity of ionisation 
in the corona w'ith field intensity, or the average numl>er of ionic charges 
acquired by fume ions. 

There is no doubt that the Deutsch formula is capable of giving an 
accurate expression of the efficiencies of electrostatic precipitators. For 
example, by standardising conditions it can be used to determine the 
mobility of "the fume ions in a homogeneous aerosol, and hence the particle 

♦ On the tw'o preceding papers. 

^ Ann. Physik, 1922, 335 ; Z, tech. Pkystk., 1925, 6, 423. 
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size, using the expressions derived by Rohxnan • or Laden burg,* for the 
relation between particle size and the number of charges on the fume ions. 
The method has li^en applied to H,S 04 mist, and has given excellent results. 

It is suggested, therefore, that the factors discussed by the authors, 
while of fundamental importance in the theory of corona, are not limiting 
factors in electrostatic precipitators. It follows that no great increase in 
the efficiency of such precipitators can be expected by working under 
conditions of maximum energy efficiency of ionisation, whatever these 
may prove to be for the case of a corona discharge in a turbulent aerosol, 
which, as pointed out by the authors, are by no means identical with con- 
ditions in a particle-free gas. 

Mr. A. G. Grant {Darlington) said : The Deutsch expression throws 
no light on the voltage-current characteristics of corona, and is to some 
extent an empirical value presupposing known corona conditions. Work 
of the type described by the authors is of fundamental importance as leading 
up to an exact knowledge of corona conditions and data for predicting 
them. In other words, it aims at elucidating corona discharge itself, 
rather than dust removal efficiencies in corona applications. 

Dr. R. W. Lunt (London) said : (i) In reply to Mr. Grant, the authors 
have avoided any implications of Peek’s ” energy distance theory ” by 
using experimental data for the corona diameter ; 

(2) In reply to Dr. Bradford . The authors desire to say that they agree 
with the views of Mr. Grant ; the use of the term '* efficiency of a pre- 
cipitator ” is a somewhat arbitrary and partial description of the perform- 
ance of a precipitator if it is identified only with the fractional precipitation 
(n^ — «)/«o. The authors' paper refers to the energy efficiency of ionisation, 
and suggests by implication that this efficiency is one factor determining 
the energy efficiency of precipitation, ijp particles of dust or mist pre- 
cipitated per unit of energy supplied. Clearly yj) is proportional to 
(no — «)/(/ • I') where / i.s the current through a precipitator maintained 
by an electrode potential The Deutsch expression for (n© ■— n) is not 
in itself sufficient to predict the variation of with V and r under other- 
wise constant conditions because it supplies no information on the corres- 
ponding variation of / with V and r. 

It is, at least, a reasonable hypothesis that the rate of production of 
ions per unit of energy supplied will determine to some extent the rate of 
charging, and therefore also of precipitation, of aerosol particles jier unit 
of energy supplied. It has been shown that there are reasons for l^elieving 
that the energy efficiency for ion production may be increased above that 
for a standard precipitator by increasing V and diminishing r : there is, 
therefore, reason to anticipate that such a variation of V and r w^ill tend 
to increase rjn, and this is a result that cannot lx? inferred from a considera- 
tion of («o — ^)I(I • V) using the Deutsch expression for (n© — w) alone. 

^ Z . Phystk , 1923, 17, 253. 

® Ann. Phys ^ k , 1930, 4, K63 ; tbid ., 1932, 14, 510. 



A COMMERCIAL PLANT FOR REMOVAL OF 
SMOKE AND OXIDES OF SULPHUR FROM 
FLUE GASES, 


By G. Nonhebel. 


Received 2nd Aprils 

Simultaneous removal of smoke, dust and acid constituents from 
flue gases by alkaline water in compact commercial plant has recently 
been achieved as a result of study of packings for absorptions towers. 
Such a plant is the Howden-I.C.I. grid packed gas washer, units of which 
were put into service at Swansea Power Station last year. Further 
units will shortly be in operation at the new Fulham Power Station. 
An account of this plant and process together with a survey of the 
problem of atmospheric pollution in large cities has already been given 
in Applied Science Journals.^ The physical and chemical problems 
involved in the design of the plant are, however, of general interest. 


Composition of Boiler Flue Gas. 


For the specific case of boiler flue gas, the scrubbing plant may treat 
gas of composition : — 


Grit and dust varying mostly 
Ironi 5' loo microns 
SO, . * . 

SO, . 

HCl . 

NO a!ul NOj 


H,(> . 


CO, 

O. 


1-2 mgs. /litre at N.T.P. for stoker firing. 

5-15 mgs. /litre for powdered fuel firing. 

0 05-0*20 per cent. (= i*3-5‘2 mgs. SO, /litre). 
Traces * up to 10 per cent, of the weight of SO,. 
Traces of the order of o*i mg. H Cl litre. 

Traces of the order of o*i mg. /litre of combined 
nitrogen. 

Partial pressure of 0*05-0*08 atm. 

10-10 per cent, by volume. 

9-3 per cent, by volume. 


The icmperature of the gas will lie between llO° C. and 150*^ C. 


Description of Plant. 

1 or a process for the removal of the stronger acids such as SO, from 
Ixuler flue gases to be generally applicable it is necessary to add alkali 
to the scrubbing water. The consumption of water by the process can 
then be minimised by recirculation of the wash liquor around the scrubbing 
towers. Time or finely ground reacti\'e chalk are the cheapest alkalies 
available and these are added in the form of a thin milk (5*10 per cent, 
solids). 

Fig. 1 shows the principal items of equipment involved. The gas to 
be treated is brought by the flue i into a distribution chamber, which may 
be over 25 ft. long and of about i second's capacity and from w-hiefa it flows 
laterally into scrubbing tow'ers placed along the length of one or both its 

* Pearson. Nonhebel and Ulander, The Removal of Smoke and Acid Con- 
stituents from Flue Ga^ by a Non-Eflluent Water Process," J. Inst. Fml, 1935, 
8, 119. and J. Inst. Elec. Eng., 1935« 77* ** 

* H. F. Johnstone, " Corrosion of Power Plant Equipment by Flue Gases," 
Univ. of Illinois Engineering Expt. Station Bulletin, No. 22S. June, 1931. 
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sides. These towers may be up to 12 ft. wide and are about 25-30 ft. 
high. Uniform gas distribution up through the towers is achieved by 

primary elements 
2, which con- 
sist of vertical 
wooden boards 3 
ft. high and 3 
ins. apart placed 
in echelon as 
shown in the 
diagram. These 
elements are 
fitted with 3jdn. 
wide pear section 
tops which col- 
lect the whole of 
the water falling 
from the packing 
above and dis- 
tribute it as a 
film upon both 
sides of the ele- 
m e n t s. T h e 
speed of the gas 
up the empty 
tower is al>out 
5 ft. /sec. The 
jirimary elements 
are supjx>rted, 
however, in such 
a way that the 
gap between the 
pear section top.s 
is <»nly about i 
in s«i that there 
is an appreciable 
resistance to the 
flow uf the gas 
which assists in 
the attainmf'ut 
of unifonn div 
tribution. 

Most of the 
coarse dust, 
namely, about 
half of the total 
dust, and about 
half of the SO, 
in boiler flue gas, 
are removed by 
the water pass- 
ing over the 
primary ele- 
ments. This sec- 
tion of the plant 
can withstand 
dust leadings of 
even 30 mgs. /litre 
such as may be 
The final scrubbing is effected by a height 



Fk;. 

1. Gas inlet. 

2. Pnniary elements. 

3. Grid packing. 

4 Spray eliminators. 

5. Gas outlet. 

(). Delay tank. 

7. Kecirculation pumps. 

8. Liquor distributors, 
o. Film feeders. 

10. Purge. 

1 1 . /)ji recorder. 

12. Solids recorder. 

13. Settler. 

14. Clarified bquor from 

settler. 


15. vKirified liquor from filter. 

16, Mixed liquor tank. 

17. Mixed liquor retuni. 

18, To alkali preparation plant. 
Make up water supply. 
KnuTgency make up water 

supply. 

Kotarv* vacuum Alter. 
Dewatered solids (rejected 
from system). 

To vacuum pump. 

Alkali supply and control. 
Delay tank sludge cock. 

2b, lYessure equalising pipe. 

27, Emergency overflows. 


10. 

20. 

21. 
22 

-23. 

24- 

25 


28. liquor head tank. 

DiagrammaUc arrangement oj Howden LC,I. Flur Gas 
■ system. 


nge\ 
Sertwher : 


obtained from a cement kiln. 
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of only 3 ft. 6 ins. of a special open grid type of packing 3. The grids 
found most effective for this duty, as determined by high efficiency and 
low resistance, are composed of thin wooden laths i inch deep, 3/32 inch 
thick, held vertically f inch apart by thin brass or wooden carriers.” 
The grids are piled on top of each other, the laths of one grid being at 
right angles to those immediately above and below. The grids are usually 
built for ease of handling in blocks four sections deep and 4-6 ft. square. 
The ” carriers ” are 12-15 i*^***- apart and are staggered so as to avoid 
division of the pile of grids into a number of small cells. 

The gas rises through the grids and passes out through one or both 
of the long sides of the towers through spray eliminators 4. These con- 
sist of boards about 4 ft. high, 4 ins. wide, J inch thick, and r J-2 ins. apart 
arranged in a double V or zigzag formation. The height of these boards 
is chosen so that the velocity of the gas out of the tower does not exceed 
6 ft. /sec, I'rom the spray eliminators the gas is led along flues to the 
boiler induced draught fan and delivered to the chimney. 

Owing to the large volume of water required to wet the packing and 
to prevent scale formation thereon (see below), economy in washing water 
is achieved by recirculation of the used liquor around the scrubbing towers. 
The main liquor flow is shown by the heavy lines in the diagram. From 
the pumps 7 the liquor is fed to the head tanks 28, through pipes set at 
such an angle that the swirl produced is sufficient to prevent settlement 
of the dust, etc., in suspension. In the base of the head tanks are holes 
I inch diameter, and about 9 ins. apart through which the water flows 
on to a 9-inch depth of liquor distributing grids 8. The latter consist 
of wood bars, } inch square in cross-section and spaced J inch apart, which 
serve to distribute the water from the nozzles as a fine rain on to the 
packing. 

For efficient utilisation of the scrubbing fluid, it is important that it 
should flow as a film on the surface of the scrubbing packing. This is 
because the ab.sorptive capacity of a simple spray is relatively low, since 
the relative turbulence between gas and liquid is low. The turbulence of 
the gas as it passes through the grid packing is, on the other hand, appre- 
ciable, and IS sufl’icient to throw the humidified dust particles on to the 
liquor film, which then retains them. Moreover, the liquid is thoroughly 
mixed as it flows from each layer of laths to the layer at right angles below, 
and this mixing ensures that there shall be no appreciable concentration 
of dissolved SOj at the surface of the film which will reduce the absorption 
rate. 

The rain of liquid is therefore fed as a film on to the grids by means Of 
a number of laths i), set at an angle like a horizontal Venetian blind. 
These film feeders ensure that no free liquid falls through the |-inch square 
lattice of the grids, 

rhe normal liquor recirculation rate which is required in order to give 
a sufficiently thick film on the grids to prevent ash deposition upon their 
surface is 7 litres /hour per cm. periphery of each grid or atout 7000 
litres /hour per square fiM>t of cross-section of the grid. This gives a film 
thickness of 0*9 mm. 

From the grids and primary elements, the liquid passes through a 
shallow hopper into a large capacity ” delay ” tank 6, from which it is 
pumped back to the scrubbing towers by the pumps 7. 

Due to the use of a closed liquor system the water in circulation is 
saturated with respect to calcium sulphite and calcium sulphate, and 
can, under certain circumstances, become appreciably supersaturated. 
One of the principal problems involved in the design of the plant is the 
control of this supersaturation in order to prevent deposition of scale on 
the scrubbing surfaces which would choke the tower. 

Supersaturated solutions of CaSO, and CaSO^ are relatively stable 
even in contact with crystals of their solid phase, and about 3 minutes 
in each case are ret^uired for a reduction in supersaturation from 5 mg. 
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equivs. /litre to 2 mg. equivs. /litre above normal saturation in presence 
of over 3 per cent, by weight of their crystals. Fortunately supersaturated 
solutions of these s^ts do not begin to deposit crystals spontaneously on 
clean wood (free from crystals) until the level of supersaturation is some- 
what over 5 mg. equivs. /litre. Consequently the plant is designed so that 
the liquor is proportioned to the gas rate, its sulphur loading and the 
degree of oxidation occurring in order to keep the amount of CaSO, and 
CaSO* formed in each liquor recirculation below 3 mg. equivs. /litre. The 
extent of oxidation which occurs when SO, is absorbed by this solution of 
calcium bicarbonate is only slightly alfected by the oxygen content of the 
flue gas and is mainly dependent on the oxidation catalysts (Mn, etc.) 
derived from the lime and the ash and possibly by the small traces of 
oxides of nitrogen absorbed. With a plant on full load the proportion of 
total absorbed sulphur appearing as CaSO, varies from 30-50 per cent, 
with stoker fired boilers to 50-80 per cent, with powdered fuel boilers. 

When the sulphur content of the flue gas is less than 3 mgs. SO, /litre, 
the controlling factor in the size of the scrubbing towers is the maximum 
gas flow that can be passed through the grids without stripping off the 
hquor film. 

From the last paragraph but one it follows that it is necessary to allow 
at least 3 per cent, of calcium sulphite and sulphate crystals to accumulate 
in the liquor and to allow time for crystallisation before pumping the liquor 
back to the scrubber if building up of supersaturation and consequent 
scale formation are to be avoided. In plants where the scrubbing towers 
are in an elevated position, the delay tank can conveniently take the form 
of a U tube supported on the ground as shoA^m in the diagram. The 
diameter of the rising leg of tlie tube is chosen so as to prevent settlement 
of the suspended solids. 

Accumulation of susjjended solids above a predetermined level is 
prevented by purging a small flow of the liquor to a settler 13 or a rotary 
filter 21, where the solids are removed as a mud containing 30-50 per cent, 
of water. The clear liquor plus water required to make up losses in the 
mud and by evaporation i.s returned through the tank 16, and the pipe 17, 
to the head tank, where it reduces the supersaturatioti of the entering cir- 
culating liquor. 

The quantity of purge is set by reference to an instrument 12, which 
indicates the specific gravity of the slurry. In one form of indicator this 
takes the form of a compressed air depth gauge used with a constant 
depth of flowing slurry. 


Alkali Control. 

The milk of lime or chalk for neutralisation of the absorbed SO, is 
added continuously at 24, just before the delay tank. The increase in 
/)h at this point reduces the solubility of CaSO, appreciably and assists 
rapid crystsdlisation of this compound. 

For efficient SO, removal, and also in order to prevent corrosion of the 
steel towers and pipes it is necessary to control the pn of the circulating 
liquor fairly closely at 6 3 ± 0*2 at the base of the scrubber. Addition 
of excess alkali is wasteful, as it is lost as CaCO, in the purge liquor. With 
control at pu 6*3, the p^ after the delay tank seldom rises above 6'8, and 
since the liquor is saturated with CO,, both lime and chalk are almost 
completely dissolved as Ca(HCO,),. and this is the effective scrubbing 
agent. The alkali loss is not more than 10 per cent. 

The /)n is measured by passing a small flow of hopper liquor to a cell 11, 
containing a glass electr^e-calomei combination. The E.M.F. is measured 
on a Cambridge thermionic valve potentiometer worked off the power 
mains and the reading is recorded on a chart. Suitable relays can be 
fitted to the instrument to enable it to control the lime addition valve 
automatically. 
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It is found that the solutions render the glass electrodes sluggish and 
inactive after 5-ro days’ service, but they can be readily cleaned with 
5 per cent. HNOg. 

Moisture Ciontent of Scrubbed Gases. — Since the grid scrubber is 
a highly efficient mass transfer apparatus the gas leaving the plant is 
saturated with water vapour and is cooled to the wet bulb temperature 
of the inlet gas. The circulating liquor is at the same temperature. 

As the issuing gas is substantially free from SO, and SO„ which might 
stabilise a mist cloud, the plume of steamy vapour which issues from the 
chimney rapidly dissipates and becomes invisible. 

Draught Loss, — Owing to the open nature of the scrubber grids, the 
draught loss across the whole plant including flues is less than i inch 
water gauge. 

Smoke from Cement Kilns, — ^The pilot plant has also been fully 
tested on gases from a cement, kiln. In these experiments the amount 
of alkaline dust collected by the liquor from the gases was sufficient to 
neutralise all the SO,. The calcium sulphite served also to absorb most 
of the H,S in the gas. 

Pilot Plant, — Fig. 2 is an isometric view of the complete Pilot Plant 
at the Billingham works of Imperial Chemical Industries Limited, where 
the design details of the process were worked out. The various items of the 
plant can be clearly seen. The scrubbing tower was 4 ft. square. 

Plant Efilclenciea, — The table shows some of the efficiency figures 
that have been oltained with the Pilot Plant on full load, and also at 
the powdered fuel jxiwer station at Swansea. 


Concentration. 


Plant. { 

Sabatance Measure<i. 

j 

Mgs., litre at N.T P. * 

1 

Per Cent. 
Elimmation. 

Inlet. j 

Exit. 

Pilot . ) 

Dust from cement kiln 

! 

1 

10-4 j 

012 

98*8 



3i‘0 1 

0*35 

98-9 


Dust from powdered fuel boiler 

9<> j 

0*26 

97*2 



11*8 i 

0*21 

98*2 

Swansea 

.« M 

— I 

0*41 


j 



0*32 

1 over 98 

PUot . 1 

SO, and SO, measured as total 

1-87 1 

00033 

99*8 

1 

! sulphur 

1*76 

00632 

96*4 

Swansea | 

j SO, and SO, measured as total 

0*642 

o*ooi8 

99*7 


sulphur 

0-834 

0*0020 

99*7 

Pilot . 

HCl 

0*190 

0*0061 » 

9(>*4 

,, 

Oxides of nitrogen as nitrogen 

0*171 

o*o6o 




0*246 

O'OOI 



The high efficiency of the plant for dust removal has also been amply 
shown by the ease with which it removed black smoke from a pulverised 
coal boiler when combustion conditions are deliberately made bad. The 
figures show, too, that the high elficiencies predicted from the Pilot plant 
experiments have been fully confirmed on full size commercial units. 

The author’s thanks are due to Dr. Lessing for results of laboratory 
experiments on rates of desupersaturation of calcium sulphate solutions ; 
to the Swansea Corporation and their Consulting Engineers, Messrs. 
Precce, Cardew and Rider, for permission to publish preliminary figures 
for Swansea Power Station ; and to the directors of I.C.I. (Fertilizer and 
Synthetic Products) Ltd., and of J Howden & Co. for permission to 
publish this paper. 
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GENERAL DISCUSSION. 

Mr. W. A. Damon (Lo^idon) said : As far as I am aware, there are only 
two plants where efficient removal of acidity from flue gases is practised. 
One is at Battersea Power Station, where the plant is remarkably efficient. 
Great credit is due to the London Power Co. for their efforts in this direc- 
tion, but the Battersea scheme is not of very wdde applicability in that it 
requires for its operation large volumes of naturally alkaline water, sucli 
as are available from the Thames. The How'den-I.C.I. plant described by 
Nonhebel is free from this disability, the only water required being that to 
make up loss by evaporation. In the event of ample alkaline water being 
available, can the scrubber operate without recirculation or is it necessary 
that the scrubbing liquor should have such an alkalinity that recirculation 
is necessary in the interests of economy ? 

One would like to see a much wdder application of flue gas washing. 
Dr. Pearson demonstrated in a paper before the Institute of Fuel ^ that 
the I0S.S to the country occasioned by sulphur oxides in the atmosphere 
amounted to 10/- per ton ot coal burned, and that it therefore, an 
economy to .spend anything less than that sum on flue gas washing. The 
manufacturer, however, does not regard the matter quite in that light, 
(‘an Mr. Nonhel>el tell us whether he can see any possibility of economy in 
the operation of the plant by making any use of the calcium sulphate mud 
which is produced. 

Dr. R. Lessing ( ^ vndf*n) said that the successful elaboration of a plant 
and process f<»r the complete purification of flue gases was one of the out- 
standing achievements in chemical engineering during the last few years. 
The -work leading up to the design of plant and devising the process pre- 
sented many problems in physical chemistry. Not the least was the pre- 
ventiem of incni.station from supersaturated solutions. He had pointed 
out .six years ago the inexpediency of discharging the spent liquors into 
waiter courses and strongly advocated a cyclic, non-effluent system. He 
was also of opinion that the CaSO, primarily formed should be completely 
oxidised to C'aS04. 'Ihis could be done without difiieulty and would 
cvcr 4 tually lead U» the c<miniercial utilisation of the product of reaction in 
form of ( aSO^ . 2H,( ) 

Mr. G, Nonhebel {BtUingka$n), in reply, said : It would l:>e perfectly 
possible to use a straight through water system with the process provided 
sufficient water was available to irrigate the packing, and that water 
contained sufficient bicarlxjnate to neutralise the absorbed SO,. Addition 
of lime to the inlet water in alisence of the dissolved CO, present in the 
recirculating system gives a scale of CaCO, on the pipes and packing. 
Finely ground chalk ts probably not sufficiently reactive. The separation 
of the dust from the used water of such a straight through system would 
undoubtedly cause difficulties, ow’ing to the large volume of water involved. 

One use to which the solids collected by the system could be put would 
be the manufacture of plaster. It w^uld be necessar\^ to incorporate in 
the liquor recirculating sv^stem an oxidiser of the typt^ mentioned by 
Dr. Le^ng in order to convert all the calcium sulphite to sulphate. With 
stoker firing the product would then contain 85-qo per cent. CaSO, . 2 H, 0 . 
Until large-ticale plants are running, however, it is not possible to predict 
how the particle siie will vary with the inevitable and frequent variations 
in load experienced in power stations, and reasonable uniformity is essential 
for such a {mduct. 

With very large plants there might be an economic case for utilisation 
of the mixture of a^ and CaSO,, etc., for the prcKluction ui cement and 
sulphuric acid, 

Inst. 1935, 119. 
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IONIC RADII AND HEAT OF HYDRATION. 

By Andr. Voet. 

Received ijth February, 1936. 

1 . If the reciprocal values of the heats of hydration of the ions of 
the alkaline metals ^ are plotted against the radii, as given by Pauling,* 



a straight line is obtained. An analogous relation occurs for the ions 
of the alkaline earth metals* as well as for trivalent ions (Fig, i). 

* Van Arkel and de Bocu', Chewische Binding, Amsterdam. 1930. 

* L. Pauling, /. Am, Ckem, 5 ec.. 19^6, 49, ^5. 

* Data from fimmdbmk dn Fhysih, i934» ^40— 
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The three lines cut the axis of the ordinates in the same point, corre- 
sponding with rp = — 0*65 A. The line for monovalent ions cuts the 
axis of the abscissae at the point l/H = 40 X or H = 250, which 
is the heat of hydration of the hydrogen ion. It appears therefore that 
the radius of the non-hydrated proton has to be taken equal to zero, as it 
should be. 

Thus for every group of ions of the same valency the following relation 
holds : 




C 


(I) 


wherein H is the heat of hydration, the ionic radius according to 
Pauling, h a general constant, and C a constant for each line. 

2 . The relation between this empirical equation and Bom*s and 
Bjerrum’s theoretical considerations ^ may now be examined. According 
to these authors, the heat of hydration may be calculated as the difference 
of total electrostatic energy between an ion in vacuo and in water. Its 
value is found from the following relation : 


wherein N indicates Avogadro’s number, e the charge, z the valency and 
R the radius of the ion, while D represents the dielectric constant of 
the medium, and T the absolute temperature. 

For water at 18® C. the relation may be written as 




2 K 


1*004. 


Comparing this equation with the empirical relation (l), it follows that 

C 




2 R 


1-004 


and 


iVA* 

— 1 - 004 . 


If AT = 6‘06 X 10”, e = 4*77 X 
TABLE I. 


X. 

C (exp.). 

1004 (tbeor.). 

I 

6*85 X JO* 

6-92 X 10* 

2 

2*5 X lo* 

2*7 X 10* 

3 

5*3 X lo* 

6’2 X lO* 


io~^® and 1 Kcal 4-19 x lO’ ergs, 
and if the values for C, which arc 
equal to the tangents of the angle 
between the straight lines and the 
positive axis of the abscissae, be 
calculated from Fig, i, the follow- 
ing table is obtained, showing a 
good agreement between theoretical 
and experimental values. 

The larger difference for the 
trivalent ions is easily explained, as 
the value of H in this case dtpfjids 
on uncertain data. 


Diacuftftion. 

3 . M the value of b in equation (i) is found to be equal to 0-65 A., 
the ionic radii in water therefore seem greater than the radii in crystals. 

*M. Bom, 2 . Physik, 1920, i, 45 ; N. Bjerrutn, Z, physik. Chtm., 1927, IJ7, 

369. 
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A similar result was obtained by Webb,® who calculated a difference of 
about 0*53 A, by the use of electrostriction data. 

Since the ion in solution may be defined as a cavity into which the 
medium cannot penetrate, whilst in crystals the radii arc calculated from 
the distances of the ions, a difference between the two values does not 
seem unnatural. In the case of an ion in water, the electric dipole, 
situated in the water molecule, will never approach closer than a fixed 
distance to the ion, defined as above. Therefore it does not seem im- 
probable that the length of 0*65 A., which is independent of the nature 
of the ion, is closely related to the shortest distance between the ion and 
one of the poles (in this case evidently the negative one) of the water 
dipole. In this trend of thought a general extension of the Bom-Bjcrrum 
equation {2) of the following form may be introduced : 


//- 


r 

2 (>' 4 - 



. ( 3 ) 


where A is a constant for each medium, dependent on its molecular 
structure. 

4 . Many objections have been brought against the validity of the 
Bom-Bjerrum equation. Calculations carried out on the basis of Debye’s 
theory of dielectrics • .showed that the dielectric constant of the medium 
decreases in the vicinity of an ion by electrical saturating effects.** ^ 
Recent publications,® however, prove that this theory in its original form 
is inadequate in the case of liquid water where, for instance, the theo- 
retical saturating effect is 3500 times the observed at a field strength of 
100,000 volts /cm. It i.s possible, therefore, that in the Bom-Bjerrum 
equation no electrical saturating effect has to be taken into account. 

The energy of electrostriction, which has been calculated by Webb,® 
may be neglected. 

One effect which has to be taken into account is the influence on the 
ion of the electric field of the molecules of the medium. As the negative 
ions have a high polarisability, the hitherto unknown energy of inter- 
action between anions and water dipoles should be added to the energy 
calculated from the Bom-Bjerrum equation. This interaction might 
also have an effect on the radius of the anions. 

This explains why the empirical relationship between the ionic 
radii and the heats of hydration of anions does not accord with the 
modified Born-Bjerrum equation (3). The energ>" of interaction of 
cations and water molecules may be neglected, owing to the small polar- 
isability of the positive ions. This difference is emphasized by the 
eccentric position of the dipole in the water molecule. 

Recent publications * indicate that the Born-Bjerrum equation is 
totally inadequate in the case of non-aqueous solutions. Since a proper 
separation of the hydration energy data of salts into ionic data is im- 
practicable, a direct test of equation (3) seems impossible ; as however, 
itf* contains a molecular constant, which is different for each medium; 
it does not seem incompatible with the experiments. 


* J. Webb, /. Am> C/mih. Soc., 1926, 4Sw, 2589. 

* P. Debye, Polar Molemlta. 

’ A. Gyemant, Z. Pkysik, 1924. 30, 240. 

* J. Malscb, Pkysik.'Z., 1929, 30, 837 ; J. D Bernal and R. H. Fowler, /. 
CketH, Physics, 1933, 1, 515 : P. Debye. Phvstk, Z., 1935, 36, 100, 193. 

* F, A. Askew et al., /. CAem. Soc., 1934. * 3 ^^ » Mukienko, Acta Pkysico- 
chimica U,R,S,S., 1935, 3* 693. 
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Summary. 

1. A linear relationship has been established between ionic radii an(| 
reciprocal heats of hydration of positive ions. 

2. An explanation has been proposed on the basis of the electrostatic 
theory. 

3. A modification of the Bom-Bjerrum equation is introduced and its 
validity discussed. 

Inorganic Chemical Laboratory 
of the University, 

Amsterdam, 


X-RAY STUDIES OF THE COAGULATION 
PROCESS OF COLLOIDAL GOLD.— PART I. 

By J. B. Haley, K. S5lln£r and H. Terre y. 

Received 6 th April, 1936. 

Introduction. 

The process of coagulation in lyophobic sols has often been investi- 
gated with regard to the relation between the rate of coagulation, '* zeta 
potential and the electrolyte concentration respectively. The experi- 
ments have shown that there exists a range of charges where each collision 
between two particles in solution is unelastic, i.e,, if these particles touch 
they adhere to one another permanently.* This range is the so-called 
region of rapid coagulation.* With less discharged particles not every 
collision is unelastic and only a fraction cau.se a permanent adhesion ; 
this is the region of slow coagulation.* • According to von 
Smoluchowski,* in the rapid region, the rate of coagulation is independent 
of the concentration of the coagulating electrolyte ; this has also been 
proved by experiment.* In the slow region, the rate of coagulation is 
mainly dependent on the “ zeta ” potential of the particles. 

The primary particles in a gold sol are themselves single crystals/ 
while the secondary particles are assumed to be an irregular agglomerate 
of unchanged primary' particles. 

The above-mentioned kinetic investigations did not furnish informa- 
tion as to the nature of the secondary particles, which were generally 
assumed to adhere irregularly and to be unchanged in size or shape.® 
This question was not investigated until recent years owing to the lack 
of available optical and X-ray experimental methods, the only means 
by which information can be obtained. With optical methods it has 
been shown that, during the course of a very slow coagulation, the 
primary particles may adhere somewhat regularly.* Similarly, in some 
instances where coagulation occurs at the air-liquid interface, such a 
regular coagulation may become very pronounced with high -.speed stirring, 

• Freundlich, Kapillarchemie, 1932, J, 140 $i seq, 

• von Smoluchowski, Physik. Z., 17* 557 : Z. pkysik. CAeffi., 1918. 9a, 129, 

• Freundlich, Kapillarchemis, 1932, 147 et sea, 

• P. Scherrer, Zsigmondy, Kolhtdchsmie, 3rd edn., 1920, p. 387. 

• Zsigmondy, ibid., p. 119, cf. p. 409. 

• H. Kautsky in a paper by Zocher, Z. physik. Chem,, 19^1, 98, 319. 
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For example, the sols of copper oxide and Goethite do not initially show 
stream double refraction ; this, however, appears after coagulation 
by stirring, but never after rapid coagulation by electrolytes.^ Thus, 
one must assume that the primary particles adhere more regularly during 
the very slow coagulation brought about by stirring, forming larger, 
non-spherical aggregates. With optical means it cannot be established, 
whether this particle growth is due to crystallisation or only to a stable 
oriented arrangement of unchanged primary particles.* ** 

In 1921, Scherrer,^ using the Powder method of X-ray analysis showed 
that colloidal gold and silver possess the same structure as the macro- 
scopic crystals. This was confirmed by Bjornstahl^® Scherrer also 
showed that it is possible to determine the size of small particles from 
mec.surement of the breadths of the diffraction lines. The principle of 
this method was used by Stoll who concluded, without giving any 
experimental details, that the particle size of colloidal gold increased 
upon coagulation. In 1931, Scherrer and Staub showed that the coagu- 
lation of highly-dispersed gold sols carried out in the rapid region, pro- 
duces first an irregular agglomeration of the primary" particles, the 
individual cr>^stals forming these particles having the same size as those 
oi the original sol. Crystallisation of the primary' particles could be 
brought about cither by extensive drying of the coagulate or by allowing 
it to stand in the dectrolyte solution. This process proceeded more 
rapidly at higher temperatures, was greatly hindered by the addition of 
a protecting agent and did not take place to the same extent with dialysed 
sols (probably due to some protective action on the particles). 

The size of the ultimate crystallite can only be obtained by an X-ray 
method ; other methods give only the magnitude of the secondary par- 
ticle aggregate and do not permit conclusions to be drawn regarding its 
intimate structure. 

Since Professor Scherrer f does not propose to extend the work 
reported by Scherrer and Staub, it was decided to carry out a more 
systematic X-ray study of the coagulation process. One of the main 
questions to investigate was how far the crystallisation is connected with 
those functions which are usually linked up with coagulation, namely the 

• The latter possibility must be considered, since many ciy’stalline colloidal 
particles show a tentlency to orient regularly and to form approximately regular, 
aggregates ; in concentrated colloidal solutions of many oxides and dyestuffs 
containing non-spherical (rtnl or plate-sha^>ed) particles, the formation of regular 
aggregates of " tactoids " may easily be seen. If, for example, a drop of an old, 
concentrated VgOg sol is observeil microscopically between crossed Nicols and 
evaporation is av'oided. the “ tactoids " appear as bright double-reflecting spots 
in the course of time. These tactoids are not considered to be crystals since they 
may be readily dispersed by moving the cover glass on the microscope slide, but 
form again after a short interval. The ultramicrosco[>e shows that the individual 
prides forming the tactoids “ have a slow rotary Brownian movement.* 
The directing forces resjxmsible for the formation of the tactoids *’ seem to be 
specific, since in a sol containing particles of two widely different substances 
(e,g., V',0* and benropurpurin) *' tactoids *' of both substances are formed side 
by side.* 

^ Ftenndlich and co-workers, Z, physih. Chem., 1925, lig, 203 ; 1926, 124, 
*55 : »9a8. 139, 368 ; 1931. W. 3^5 

• H, Fretmdlich, KapUiarckemie, 1932. 55 

• H, Ftenndlich, O. Enslin and K. Sdllner, Proioplasma, 1933, 4^9* 

Y. Bjdmstahl, Inamg. Diss., Uppsala, 1924. 15®* 

Stoll, Arch. Sci, Physiques (Gamm), 1921, 3, 347. 

**P. Scherrer and H’. Staub. Halv. Physic, Ada, 1930, 3, 457 ; Jf. physih, 
Cham, A, 1931, 154, 309. 

t Private communication to Professor Fteundlich. 
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charge of the particles and the rate of coagulation. In addition, it was 
decided to investigate the effect, on the rate of crystallisation, of the 
concentration of the coagulating electrolyte and the period the coagulate 
was allowed to remain in the electrolyte solution. 

The mechanism of this particle growth, as determined by X-ray 
methods, is not yet definitely established, but many arguments may be 
advanced for the view that it differs from that usually assumed for re- 
latively insoluble substances such as barium sulphate and calcium car 
bonate. Here, owing to their higher solubility, the smaller crystals 
are dissolved and the so-formed ions or molecules separate out of solu- 
tion on the larger crystals already present. For this reason stable hydro- 
sols of these substances cannot be obtained. 

Since gold hydrosols are stable without increase in particle size for 
practically unlimited periods, but grow rapidly upon coagulation, a 
similar mechanism of the particle growth seems improbable. It appears 
more likely that in this and similar cases of substances with an extremely 
low solubility, the primary particles grow together (i.e., show mass 
crystallisation) without undergoing intermediate solution, w^hen brought 
close enough to each other.* 

There has never been any doubt that coagulated particles are close 
to each other. It is a well-known fact that the dull powders of precipi- 
tated gold and silver readily turn macrocrystalline and metallic -looking 
when gently touched ; with higher pressures they form solid metallic 
masses. These processes arc much more rapid at higher temperatures ; 
e.g., Scherrer and Staub found an increase from 69 A. to 390 A. on 
heating a dried gold coagulate for a short time at 300® C. ; here the inter- 
action of traces of a liquid solvent seems improbable. Further arguments 
may be advanced in favour of this view, r.g., the extremely high diffusion 
coefficient of metallic atoms within metals and the rapidity of the 
particle size increase after coagulation and its hindrance by protecting 
agents such as gelatin. 

For the above reasons it seems probable that the coagulated gold 
particles unite as such, as soon as they touch each other bodily. f It 
is then possible for the high atomic mobility w'ithin the crystal lattices 
(which may reasonably be assumed to be much higher at the surfaces %) 
to come into action Considerations of the structure of “ tactoids 
seem to e.stablish that the crystak can be brought into suitable positions 
by the Brownian movement and by molecular forces. The action of 
such directing forces was realised by Lehmann when investigating, 
microscopically, the coalescence of crystak of p<\ioxy etbylbenzoate ; 

* Obviously this view was not unfamiliar to Zsigmondy and was the basis 
of the investigations of Scherrer • on the crystallisation of colloidal gold. More- 
over, it seems reasonable to assume that the different tendency of diflerent 
substances to show (mass) crystallisation is related to the ultimate difference 
between reversible and irreversible colloids-— a difference which was greatly 
emphasised by Zsigmondy.** 

** Zsigmondy, Kolloidchemie, 4th odn., 1920, p. 19. 

** /hta., p. 29. 

t This is also necessi^ for the assumption that the particle growth is due to 
some ioc^ised electrolytic action. (In our opinion, very unlikely.) 

X This phenomenon, afterwards found to be very common, was first investi- 
gated carefully by Volmcr and Estermann.** 

*» W. lost. Z. physik. Chem. B, 1932. 16, 123. 

W. Seith and A. Kiel, iHd., 1933, 

O. Lehmann, FtUssige Kristall$, Leipsig, 1904, p. 37. 

‘•M. Volmcr and J. Estermann, Z. Phystk, 1921, 7, 13, 
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he observed that as two crystals touched one another they were oriented 
parallel and finally coalesced to form a single crystal* 

A gold sol was chosen for the following investigations because, in 
addition to the X-ray and colloidal points of view previously mentioned, 
effects due to solubility can hardly be considered, so that one may hope 
to get some insight into the processes which occur during and after the 
aggregation of the primary particles in the process of coagulation. 

The particle size values reported in this paper are only intended to 
be relative, since it is pointed out in Part 2, which deals with the X-ray 
technique, that the absolute values may be in error by a factor of 2. 


Experimental. 

Preparation of the Gold Sol. 

x6 litres of the sol were prepared by the phosphor-gold method as modi- 
fied by Scherrer and Staub.‘* Conductivity water, obtained from a CO,- 
free P^ex still was used for the preparation of all the solutions. All vessels 
were made of Jena glass and were thoroughly cleaned by steaming out for 
several days. The sol container was of 20 litres capacity. The prepared 
sol, which is about four times more concentrated than the usual phosphor- 
gold sol, was slightly acid showing a = 6 3. 

Prior to any experiments, the sol was allowed to stand for 12 weeks. 
Its pKLTticle size was found to be amstant throughout the w'ork wnthm the 
experimental error of the determinations (about 10 per cent.). 

The undialysed sol was used for the coagulation experiments in order 
to obviate any possibility of protection of the particles occurring by the 
passage of protecting substances out of the dialysing membrane. Such an 
effect was observed by Zsigmondy * • and has been discussed by Scherrer 
and Staub.** 

Particie Size of the Original Sol. 

A portion of the .sol was protected with pure bacteriological gelatin, 
dialys^ in a cellophane sac against frequent changes of conductivity 
water for 48 hours and finally evaporated down in vacuo at 25® C. There 
was then no trace of potassium, chloride or phosphate ions. The eva- 
porated sample was readily soluble in water, giving the original deep-red 
colour of the sol. IVelirainary exj>eriments on the undialysed sol gave 
extraneems diffraction lines due to the above-mentioned impurities formed 
during the preparation of the sol The ditfraction diagram of the original 
sol is shown in Fig. i. The particle size being 35 A. 


Gaagtthitloii Experiments. 

AU coagulations were carried out by the addition, from a microburette, 
of varying volumes of solutions of aluminium chloride. This electrolyte 
was chosen because small concentrations readily reverse the charge on the 
particles and thus tlie whole region of coagulation can be investigated with 
one electrolyte. All the reported values of electrolyte concentrations refer 
to the total volume of the solution after the addition of the electrolyte and 
are expressed in millimols of aluminium chloride per litre. 

The rate of coagulation was judged from the time of the colour change 
ftom red to blue after the addition of electrolyte. No exact measurements 

* Here, the cemeoUtion of the two crystals may be partially brought about by 
the dissolved substance present.*^ 

Isigmoody-Tliiesseii, Das KoihUUs Gold, p. 48. 
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of this time were carried out as it was not found possible to judge the exact 
shade of colour, which varied considerably from sample to sample, with 
any degree of accuracy. Rapid coagulation, as understood here, is an 
instantaneous colour change with or without settling of the particles, 
whilst slow coagulation is a slow colour change over several minutes or 
hours. In this latter region settling of the coagulate never occurred. 

Three standard concentrations of aluminium chloride were used, 
namely A//2, iV//40 and iV//8o, the choice of concentration depending 
on the region of coagulation to be investigated. Similarly, two standard 
volumes of the sol (30 c.c. and 100 c.c.) were used ; the smaller volume 
when evaporation of the protected sol was necessary when a sufficient 
quantity of the sample could readily be obtained) while the larger volume 
was used when the coagulate was separated by centrifuging, in which 
case much of the coagulate was always lost owing to the great tendency 
of the particles to adhere to the walls of the vessel. 

All coagulates were protected with excess pure bacteriological gelatin 
after they had stood in the solution for the requisite time. By this means 
the possibility of artificial growth of the particles was considerably dimi- 
nished. In some experiments lysalbinic acid w’as used as the protecting 
agent, and was found very efficient for coagulates obtained in the region of 
slow' coagulation, but unsuitable in the rapid region. Where possible, 
the coagulate was centrifuged out and washed wdth dilute gelatin solution. 
Non-settling coagulates, after protection, were dialysed against fre<iucnt 
changes of a dilute gelatin solution for 48 hours and the solution then 
evaporated dow'n in va^uo at 25° C. With this prtxredure, however, growth 
of the particles may still take place after the addition of the gelatin. Such 
an effect has lx?en observed by Scherrerand Staub ** and is ciiscu8se<l later. 

The size of the individual crystals in the coagulate, immediately after 
coagulation in the rapid region, was obtained from a sj>ecimen prcKluced 
by the addition of excess gelatin immediately after the colour change : 
the solution was w'ell-stirred, allow’ed to stand for 20 minutes and the co- 
agulate centrifuged out. The X-ray diagram is shown in Fig. 2. 

Coagulates which could be separated from the solution were introduwd. 
in suspension, into the collodion tubes used for the X-ray analysis ; the 
particles were then centrifuged to the bottom of the tube and the process 
repeated until a sutftcient quantity of the sample was obtained. No 
difficulty was experienced in introducing the evaporated non-settling 
samples into these tutx's. 

Since surface forces may mtKiify the particle size of the coagulate, the 
small amounts present at the air-liquid interface or adhering to the w'alls 
of the vessel were neglected. 

It was found possible to |xptise most of the protected coagulates ob- 
tained in the region of slow coagulation, but not tho.se coagulates obtained 
in the rapid region. 


Cataphoresis Measurements. 

These w ere carried out in order to obtain a rough idea of the magnitude 
of the charge on the coagulated particles. A standard type of Burton 
cataphorometer was employed. For settling particles, the supernatant 
liquid was used as the upper liquid in the cataphorometer ; for non- 
settling particles, an aluminium chloride solution of the same concentration 
as that in the coagulated solution was used as the upper liquid. 

The magnitudes of the charges of the particles arc reported relatively 
to that of the original sol, which is negative ( ) as follows : — 


^ ( ( ); (-):o; ( + ); (++); (+ + +). 

Max. negative zero Max. positive 



1309 


J. B. HALEY, K. SOLLNER AND H. TERREY 

Experimental Results. 

Region of Slow Coagulation. 

At an aluminium chloride concentration of 0*04 millimols/litre no 
visible colour change appeared even after 48 hours. The lowest concen- 


TABLE I. 


Electrolvtfi Cone. 


1 Rate of Colour 

Particle Size in A after : 

MiUtmols/Utre. 

i 

! Change. 

i 

Immediately. 

6 hrt. 

48 hrs. 

0*04 

(---) I 

1 nil 

5 ^ 

(^5 

100 

0*06 

( ) 

1 V. slow 

i i 

70 

97 

112 


tration where a colour change appeared after several hours was 0*06 
millimols /litre. In both cases, three samples were protected (i) immedi- 


ately after the addition of the 
electrolyte, (2) after 6 hours, and 
(3) after 48 hours. The results are 
sh^iwn in Table I. 

Figs. 3. 4, and 5 respectively 
show' the X-ray diagrams corre- 
sjx>nding to a concentration of 0-04 
millimols/litre. The sharjXMiing of 
the diffraction lines, on allowing 
the solution t<^ stand, is readily 
observed. 

The dependence of the rate of 
cry.stallisation on the electrfdyte 
concentration, fur a constant time 
of standing (24 hours) is apparent 
from Tabic II (a). 

Region of Rapid Coagulation. 

.\s above, the coagulates were 
allowed to remain in the electrolyte 
solution for a pcynixl of 24 hours ; 
coagulates alxjve a concentration 
of 0*17 millimols/litre sottUni out 
rapidly but bclow^ this concentra- 
tion they were centrifuged out with 
difficulty and containcxl relatively 
large amounts of gelatin. These 
results also appear in Table 11 ( 6 ). 

The Dependence of the Rate 
of Crystallisation on the 
Time the Coagulate is 
allowed to remain in the 
Electrolyte Solution. 


TABLE II. 


Electrolyte Cone, j 
MilUmoh Litre. ; 

1 

Charge. 

Particle 

SUe in A. 

(a) Slow I 

Coagulation.! 

0‘09 

i 

77 

0*10 

1 ) i 

98 

01 1 

{--) i 

98 

O'll* 

1““) 

83 

o-,2. ! 

(--) ! 

90 


(--) 

90 

j 

(-) 

109 

(b) Rapid 
Coagulation. 

0-14 

(-“) 

121 

015 


127 

oiOo 


129 

o-u>^ 

: ^ ™ 


017 

i (-'• 

*30 

018 


1^3 

♦ o-i<) 

i-) 

120 

025 

{ T ) 

1 1 16 

o* 3 i< 


122 

050 1 

(“h “t* ) 

1 X 2 I 

075 

( 4 - 4 -) 1 

1 129 

I‘0 

(- 4 ) i 

i 120 

yo 

(4 4 --r-) i 

126 

150 

( 4 + 4- ) : 

U* 

t ^ 4*0 

< 44 --r> 

130 

40*0 

( 444 ) 

132 

83*0 

( 444 ) : 

129 

M 30 

( 4 4 ‘f - ) 

128 

2220 

(44-4) 

130 


The results in the region of slow ♦ Pig, <>. I pig. 

a:)agulation have already been given 

in Table I. ; those in the region of rapid coagulation are given in Table HI. 

45 • 





1310 COAGULATION PROCESS OF COLLOIDAL GOLD 


TABLE III. 


Cone. 

m>mols/ 

litre. 

Charge. 

Rate of 
Settling. 

Particki Size in A after ; 

Immedy. 

1 min. 

30 mini. 

4 

hrs. 

*4 

hra. 

h*-*. 

hrs. 

316 

hra. 

014 

(-) 

nil 



98* 

II2 t 

1 16 

121 





125 

0*25 

(+) 

rapid 

— 

— 

— 

— 

I lO 

122 

130 

129 

50 

(+++) 

rapid 

— 

100 

— 

— 

126 

*3* 

131 

132 

24*0 

(+ ++) 

rapid 

— 

— , 

— 

— 

130 

— 

— 

135: 

1430 

(+++) 

rapid 

43 




128 

1 

127 

126 

128 


• Fig. 8. t Fig. 9- i Fig* lo. 


The EflFect of Drying the Coagulate. 

Two unprotected coagulates of sizes 120 A. and 130 A. respectively were 
dried for 12 hours of P|Oi at a pressure of approximately i mm. Hg. 
The final particle size values of both coagulates were indistinguishable 
from the original values. Similar results were ol>served by Scherrer and 
Staub “ w'ho found that two samples of 69 A. and 138 A. respectively 
also gave, within experimental error, the same values, after drying, as 
those of the original particles. They explained the failure of these large 
particles to show any further crystallisation by assuming that some pro- 
tective action had taken place ; this may, however, Ik* explained in a 
different way (see below). 


Discussion. 

Crystallisation of the primary’ particles occurs even though tltere 
has been no visible colour change (Table I.),* but when a colour change 
takes place the crystalIi.sation proceeds more rapidly. As previously 
mentioned, these values are higher than the actual values at tite time of 
addition of gelatin to the solution, since crv’stallisation proceeds during 
dialysis, even after the particles are protected. The values of 50 A. 
and 70 A. respectively in Table I, arc not in agreement with the value 
of 43 A. obtained in the rapid region of coagulation (Table III.), where 
the particles are quickly separated from the electrolyte solution by 
centrifuging. 

From Table IIU)., it i.s evident that, in the region of slow’ coagulation, 
for a constant period of standing in the electrolyte solution, the rate of 

• Bearing in mind that this visible method is very rough, this increase may 
readily be explained by the fact that low elcctroly’te ccmcentrations favour the 
formation of small aggregates, probably with many of the primary particles 
remaining unchanged. In the nc^rniai course of events (i.ir,, when the rate of 
coagulation is greater than the rate of crystallisation of the primary particles) 
the apj>earancc of a blue colour indicates the formation of irregular, looae-packetl 
Owing to the size of these aggregates, both the state of loose- packing 
and the blue colour may still remain cvcii after considerable internal crystallisa- 
tion has taken place. However, crystallisation of the very’ small aggregates 
formed at very" low electrolyte concentrations, may cause both the state of loose- 
packing and the blue colour to disapt>ear. Such a sol. although possessing 
greatly increased particle size, may" still be red, since gold sols with primary' 
particles up to 1200 A. are often this colour.** ** Since, in the experiments 
recorded in Table I !(«.), the blue colour never ap})eared, the results seem to in- 
dicate that the rate of crystallisation is greater than the rate of coagulation. 
Zsigmondy-Thiessen, Das Kolloidt Gold, p. lao $t seq, 

Zsigmondy, KoUoidchemie , 3rd edn.. 1920, p, 160 tt stq. 



J. B. HALEY, K. SOLLNER AND H. TERREY 


1311 

crystallisation depends directly upon the electrolyte concentration and 
thus on the rate of coagulation. 

Table 11(b). shows that under the same conditions in the region of 
rapid coagulation, the extent of the crystallisation is equal and in- 
dependent of the concentration of the coagulating electrolyte — both 
with negative and positive coagulates. 

The combined results indicate that the crystallisation is directly 
dependent on the rate of coagulation ; no abnormal effect was observed 
near the iso-electric point, such as might be expected where the electro- 
kinetic charge of the particles is zero. 

The results of Table III. and to some extent those of Table I. show 
that the maximum crystallisation takes place within a very short time 
after the addition of the electrolyte, in the rapid region of coagulation. 
Although this process continues wdth increasing time of standing in the 
electrolyte solution, the relative speed rapidly diminishes. The results 
also confirm those of Scherrer and Staub/* namely rapid coagulation 
causes at first an irregular agglomeration of the primary colloidal par- 
ticles (Fig, 2) and, thus, also the basic ideas of the von Smoluchowski 
thcor^^ of rapid coagulation.* These irregularly aggregated (or at least 
incompletely oriented) particles are afterwards oriented (mainly rapidly), 
forming bigger crystalline units. 

These results se< m to favour the assumption of a mass crystallisation 
phenomcTton, as set out in the introduction. Thus the close parallelism 
between rate of coagulation and particle growth can be understood on the 
same basis, namely the interaction of the attracting (and directing) 
and repelling forces between the particles. 

It may be said, especially against the results in the rapid region, that 
the size of the crystals, as found by the X-ray method, may be quite 
different from the actual size of the masses of material bound together 
by primary linkages. The formation of an extended skeleton could not 
be detected by X-ray methods. Since the particles are not of uniform 
size and are not necessarily regular in shape, only a limited number of 
particles would be able to adhere regularly and without any skeleton 
formation * Furthermore, a defective arrangement or incomplete 
orientation of the cr^^stals would affect the diffraction line breadths 
and lead to illusory values for the size of the crystals formed by aggrega-. 
lion. In this way the limiting value of 120 A.- 1 30 A. (Table 11 (^).) and 
the failure of the particles to show any further cr^’stallisation when 
dried, could be easily understood. Further investigations, both by 
X-ray and ultra-microscopic methods, with sols of different primary 
particle size, prepared either by different methods or with a different 
substance (e.g.^ silver) may overcome these difficulties. 

The authors wish to express their thanks to Professor F. G. Donnan, 
C.B.E., F.R.S., for his interest in the work; to Professor H. Freundlich 
for his valuable advice; and to Mr. (i. S, Hartley for the supply of con- 
ductivity water. 

Summary. 

C oagulation of a highly-dispersed gold sol causes the primary piarticles 
to form, at first, an irregular agglomerate, the individual cn^stal size of 
which is the same as that of the original sol. 

* Cubes of difierent sises or octahedra (the generally assumed shape of col- 
loidal gold particles) of equal sixes cannot be packed together in space without 
interstices. 
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Crystallisation of the primaiy particles may be brought about by 
allowing the coagulate to remain in the electrolyte solution. 

The crystallisation is dependent on the rate of coagulation and is con- 
stant over the whole region of rapid coagulation. In this latter region the 
maximum growth takes place very rapidly. 

The Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry ^ 

University C allege ^ London. 


X-RAY STUDIES OF THE COAGULATION PRO- 
CESS OF COLLOIDAL GOLD. PART 11. X-RAY 
EXPERIMENTAL TECHNIQUE. 

By J. B. Haley and H. Terrey. 

Received 6 th Aprils 1936. 


The X-ray method of particle size determination depends on the line 
broadening observed in the Powder diffraction diagr;un when the in- 
dividual crystal size falls below approximately 10^® cm. 

A connection between the breadths of the diffraction lines and the 
size of the particles under investigation was first pointed out by Scherrer ^ 
who derived the following equation for cubic crystals : — 

5 = 2 


rr A 


where : B is the line breadth in angular measure ; A the particle size 
(cube edge) ; 0 the glancing angle of X-ray reffection ; A the wavc- 
length of the incident radiation ; b a constant depending on the speci- 
men diameter ; and the definition of the incident radiation. 

The line breadth is generally defined as the ratio of the integrated 
X-ray intensity across the diffraction line, to the maximum intensity, 
i.e., B = I //max. / 1 . dXf where I is the intensity and x the lateral distance 
in the .scale of the diagram. This measurement is somewhat difficult 
to make in practice and it is more usual to measure the line breadth at 
half the maximum intensity. Ihc former method, however, tends to 
give values which are more independent of the sliape of the intensity 
curve of the diffraction line than the latter. 

From equation (l), it is apparent that the relation between B and 


Sec 6 should be linear and the slope of this graph is equal to 2 


log, 2 
n * A 


from which tfie particle size A can be calculated. The intercept on the 
B axis gives the value of b. 

Two of ScherreFs assumptions (namely parallel incident radiation 
and transparent sample) are difficult to realise in practice. Brill* 
and Cameron * have pointed out that wdth divergent radiation and trans- 
parent samples, the line breadths at small angles become very large 


^ F. Scherrer, Zsigmondy, KolUndckemu, 3rd cdn., lozo, p. 394. 

* R. Brill, Z. Krist., 1928. 68, 387. 

* G, H. Cameron, Physics, 1932, 3, 57. 
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Fig. I, i.e.^ the slope of the B/Sec B graph is very small or even negative. 
If, however, the sample is strongly absorbing, either in itself or is made 
so by coating it on a lead ghiss rod, the two defects oppose one another 
with a marked reduction in the central line breadths (Fig. 2). Thus, 
in favourable circumstances, the Scherrer condition (that B is a linear 
function of Sec 0 ) may accidently be realised. 

Equations, similar to that of Scherrer, have been proposed by 
Seljakow * and Randall, Rooksby and Cooper ; ^ these, which are based 
on assumptions similar to those outlined above, differ only in the value 
of the numerical constant. 

Von Lauc • has given a more general theoretical analysis where the 
crystals are not confined to those of the cubic system. The radiation 
was assumed to be purely divergent : 

;r. 

1 , . . . W 

whore : B is the absolute corrected value of the line breadth in angular 
measure ; 0 the angle of reflection ; w a constant (0-55) ; R the camera 
radius and r the specimen radius. 

is a quantity related to the particle size by a complex expression 
which, for cubic crystals, reduces to : — 



where A and A have the same significance as before. 


Briirs Modification of von Laue*8 Theory. 


Brill * has shown that, for a completely absorbing solid cylindrical 
sample and for infinitely large particles, the experimental line breadths B* 
will be connected witli the B used by von Laue by the following 
expression : — 




sin* 0 ' 


■ (4). 


Briirs procedure was to correct the measured line breadths by 
equation (4) ; reduce to absolute values in angular measure and, for 
cubic crystals, to calculate the particle size by equations (2) and (3). 
Finally, since complete absorption may not be obtained in a thin layer 
at the surface, the calculated particle sizes from each diffraction line 
were plotted against sin* 0 and extrapolated to find the size at sin* = I, 
since at 20 = 180® absorption is assumed to have no effect. 

This procedure has been criticised by Cameron ; • ^,g,, the accuracy 
of the final result depends on the presence of one or more diflfraction lines 
at large angles of reflection, whicli is often difficult to achieve ; in addt* 
tion, the correction for absorption (equation 4) was developed for parallel 
radiation, while von Laue’s theor>^ was developed for purely divergent 
radiation ; moreover, the correction was developed for sharp lines, i.^., 
the effect of absorption on the line broadening due to small particles was 

♦ Seljakow. Z. fky&ik. Chtm., 1925. 31, 439. 

^ Randall, Rookaby and Gx>per, Z. KtisL, 1930, 79^ 196. 

* M. von Laue. ibid,, 1926, 64, 1x5. 
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neglected. However, he concluded that, while in many cases, the 
final results may err by a factor of 2 in absolute value, the methods of 
Scherrer, von Laue and Brill were capable of arranging a series in the 
correct order of size with considerable precision. 

The Brill and Pelzer Total Absorption method ^ was not used in the 
experimental work reported below owing to the difficulty of coating thin, 
even layers of gelatinous samples on the lead glass rod. It is essential 
that this layer is thin otherwise the line breadths at low angles tend to 
be excessively large, while an uneven layer produces lines whose intensity, 
on either side of the centre, is unequal (cf. Fig. 7), 

Experimental. 

The X-ray diffraction diagrams were obtained in a Powder camera of 
28-29 mm. radius, with a pinhole i mm. diameter. Cu Ka radiation was 



used throughout ; the /J comp<>nent being eliminated by means of a Ki 
filter. The average exposure time (at 40 Kv and 20 Ma) was 15 minutes, 
w^hicb was found to pnxluce line densities failing within the limits (0*2 
and 0-65) required for the correct intensity interpretation of the films. 
All the specimens were supjwrtcd in thin collodion tubes ranging in diameter 
betwwn 0*4 and 0-8 mm. 

The difference in photographic constrast between various films was 
minimised by utilising a standard time of development (4 minutes at 17^ C.) 
with a metol-hydroquinone developer ; the film container was rocked to 
ensure uniform development. 

All films were photometered on a Zeiss self-registering microphotometer. 

^ Brill and Pclser, Z. /fm#., T930, 74, 147. 
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Determination of the Intensity -Deflection Relation. 


For the correct intensity interpretation of the diffraction lines it is 
essential to know the relation between the intensity of the X-ray beam 
producing a given detxjsit on the film and the deflection of the photometer 
fibre when this spot is photometered. The density D of a giv^en deposit on 

the film may be defined by the relation D ~ log^^ y ; where is the 

intensity of a Ixfam of light from a constant source after it has passed 
through the film exposed to the general radiation on either side of the 
deposit and / is the intensity after passing through the deposit itself. 

A great deal of work has shown that, for densities up to about o*8, 
there is a linear relation between the X-ray intensity pr^ucing a given 
deposit on the film and the density of that deposit. *• *• 

The relation between the microphotometer deflection and density “was 
determined by placing 1.2, ^ . . . strips of equally exposed and developed 
film in the path of tlie light falling on the photocell and measuring the 
corres^Kjnding deflection. The density of each strip, from an independent 
calibration, was 0-132 t 0 007. The ordinates of the experimental graph 
(Fig. 3) represent the diflerences in deflection ( Vq — t’d ; (y© >'t) - • * 

where \\ Vj y© are the deflecti<.ms corresponding to o, i, 2 . . . strips of 
film, in reality this curve i.s exp<jnential, however, between densities of 
approximately 0-2 and 0-65 (deflections between 20 and 60 mm. or differ- 
ences of 40 mm. I it is nearly linear ; this assumption, though not strictly 
accurate, greatly simplifies the line breadth determinations, the error 
involved l>eing only a few }>tT cent, as is seen from Table I. of three 
typical uncorrected line brea<iths (in linear measure} determined by various 
methods : 


I. By measurement the '* half intensity width " assuming the above 
linearity (for further (letails see 


below). 

II. .-Xs I., but measuring on 
the more correct I<»g (deflection! 
cur\e. 

III. As 1 ., but m<*asuring on 
the photometer curve replotted 
in terms of density by intcrjxda- 
tion from the density-deflection 
curve. 

IV. By measurement of the 
line breadth from the definition 


T.XBLE I. 


}*Uuu ^ 

/ 

IJ. 

III. 

IV. 


I ’20 

I-I7 

i-l8 

1 23 


I *1 1 

1*3 

114 

1-24 

2»4 

1 - 5 .^ 

1*54 

1-51 

1-55 


The values are expressed in millimetres. 


« --{idr 

using Miles's method.** 

Relative v^ariations d«» not aflect the results of Fart L, which are only 
intended to convey relative orders t)f magnitude. 


Measurement of the ** Half-Intensity Width/' 

In order to obtain a reasonably high linear magnification of the curves, 
the diffraction diagrams were photometered in two separate parts ; namely 
the planes iii to 222 inclusive and 133, 024 and 224 with manifications 
of 6*55 and 9*46 respectively. The omission of the 004 plane is of no 

• Friedrich and Koch, Physth. 19 * 4 . 45. 399- 
•Glocker and Traube. Phystk. Z., 19 JI. M. 345' 

*• Bottwent Z. Pkysik, 1923. «4. 374 
" Buaae. Pkysik. Z.. I9*5- 34. >'• 

■0 Martin and Lang, Pro. JJov. Soc. A. 1932. 137, i99- 
« F. D. Mile*. Trans. Faraday Soc.. 1935. 3*. *45*- 
•« F. D. Mites, Phil. Trams. A. 1935. »3». 
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consequence as it was, in almost every case, too weak for any accurately 
measurable deflection to be obtained from it. Two typical photometer 
records from a diffraction diagram corresponding to a particle size of 
130 A. (Fig. 7 in Part i) are shown in Figs. 5 and 6. 

The “ Half-Intensity Width " of the diffraction lines is represented 
by the line breadth at half the difference between the background and peak 
deflections ; both the latter being measured from zero deflection (t.e., 
with no light falling on the photocell) . Where necessary^ these values were 
corrected for slope of the background by Briirs formula,* yielding final 
values of b. The actual line breadth (6') in linear measure is then b/M, 
where M is the photometer magnification. 

For the experimental use of the Scherrer equation the values of h 
were converted into absolute angular measure B'abs. by division by the 
camera radius. For the Brill method the values of b* were corrected : 

(a) where necessaiy% for assymetry of the photometer curves, by Brill’s 
formula.* 

(b) For absorption by liquation 4. These values were finally converted 
into angular measure as above. 


Application of the Scherrer Equation. 

The particle size -1 was calculate<l, using the methcnl of least squares, 
from the following equation : — 


A 


\ ^ 




« 2 ((b« ) Sec <>« — 2 ^ ^ 


In view of the strongly absorbing properties of gold and of the divergent 
X-ray beam employed, the linear relation between H and sec. B might be 

expected to hold. 
This was found to 
be the case with 
samples which 
coil 111 l)e readily 
centrifuged out of 
solution, however, 
with samples con- 
taining a large 
amount of gelatin, 
i.^., those w'hich 
centrifuged out 
with difficulty and 
those which re- 
quired evapora- 
tion, this linear 
relation no longer 
held. The difftyr- 
ence between the 
two cases is no doubt due to the lowering of the specimen absorption on 
diluting the specimen ; this is supported by the observation that it was often 
difficult to see the shadow cast by the specimen on the fluorescent screen in 
the camera with the latter class of specimens, while no such difficulty was 
observed with the former class. In addition, the exposure time for the latter 
class would decrease always 40 per cent, or so in order to produce satisfactoiy' 
line densities. The centr^ line broadening which is consistent with such a 
su^estion may be seen in many of the reproductions in Part I. and also 

^ observed that this is in every way identical 
with the diffraction diagram of the very transparent (Fig. i). The 
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effect of making it strongly absorbing is shown in Fig. 7, it is seen that 
although there is a slight reduction in the central line breadths, the effect 
is not as great as might be expected from a comparison of Figs, i and 2. 
This, however, is most probably due to the layer not being sufficiently 
thin. 

The effect of this decrease in absorption on the B/sec. B graph is shown 
in Fig. 8 : OR is a curve obtained from a sample containing excess gelatin, 
it is seen that the central line breadths are very large as in Fig. 6 ; QR 
represents the linear relation as would be expected from the form of the 
Scherrer equation and is that actually obtained from samples containing 
a small amount of gelatin ; PS is the slope of the experimental curve OR 
as obtained by the direct application of least squares to the experimental 
line breadths, thus in this latter case the calculated particle sizes become 
either very large or even negative. Cameron » has reported a similar effect 
when using samples of low atomic weight, ix., of low absorbing properties. 
It was not considered justifiable, in view of the unsatisfactory state of 
affairs existing with regard to this equation, to calculate the particle 
sizes using the line breadths from the three major angles as is done, in 
similar circumstances, with the Brill method below. 

Application of the Brill Method. 

The unsatisfactt>ry results obtained by the use of the Scherrer equation 
led to the employ^n^nt of Brill’s first modification of von Laue’s theory. 
An account of this method has already been given. 



Two typical extrapolation graphs to find the particle size at sin* $ ^ i 
are shown in Fig. 9, The corresponding particle sizes being 98 A. and 
128^ A. respectively. The upper graph AC (98 A.) is that obtained from 
a sample containing a large amount of gelatin ; the effect of the central 
line broadening is again apparent as in Fig. 8. i.e , the calculated particle 
sizes from these low angles are much lower than would be expect^ frenn 
the more reliable large angles. In the lower graph AD (128 A.), the ex- 
trapolation, as would be expected, passes through all the points. In all 
ewes the extrapolation was carried through the points obtained from ttie 
large angles (55^ to 67®) ; the existence of these lines at large angles removes 
one of the main objections to the method.* 


I 3 i 8 dipole moment AND MOLECULAR STRUCTURE 


All the particle sizes for the experiments recorded in Part I, were ob- 
tained in this way. It was, on the whole, found entirely satisfactory in 
arranging the results in the correct order of magnitude without reference 
to the absolute values of the sizes. 

Summary. 

This paper deals with the experimental technique involved in the deter- 
mination of the particle sizes of the various coagulates reported in Part I. 

The Scherrer equation was found unsatisfactory for samples which had 
been diluted with gelatin, i.e., when the sample w^as no longer strongly 
absorbing. This confirms the general conclusions of von Laue, Brill and 
Cameron. 

The reported results were calculated from Brill's first modification of 
von Laue's theory, which was found satisfactory for placing the results 
in the correct order of size without reference to their absolute values. 

The authors wish to express their thanks to Professor F. G. Donnan, 
C.B.E., F.R.S., for his interest in the work. 

The Sir William Ramsay Laboratories 
of Inorganic and Physical Chemistry^ 

University College^ London. 


DIPOLE MOMENT AND MOLECULAR STRUC- 
TURE. PART XVIL* THE DIPOLE MOMENTS 
OF AZO-DYES AND SOME SIMILAR SUB- 
STANCES. 


Bv Ernst Bergmann and (Miss) Anna Weizmann. 


Received i^th Aprils 1936. 


The constitution of the amino- and />■ hydroxy -azo-dyes seems quite 
settled, but that of the ( 7 -hydroxy-azo-compounds is still a matter of 
discussion. A new point of view’ has been introduced by R. Kuhn,^ 
who proposed a Zwitter-ion structure (I),* 

- 0 ^ 

(I) 

combining in itself to a certain extent both of the azoid (II) and quinoid 
(III) formulse, 


/ N — NT / 

/ 

HO 

( 11 ) 


■\ /■ 
-/ \. 


NH--N=<^ 

O 

(III) 




♦ Part XVI., J. Chem. Soc., 1936, 402. 

^ Naturwiss., 1932. 619. 

* Such formulae had already been suggested by P. Blumberger, Chem. Weehblad, 
1927, 24, I. 
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The occurrence of such a form, even in small quantities, should be readily 
detectable, since its dipole moment should be abnormally high (about 
20 D.). We have therefore determined the dipole moment of several 
azo-dyes (not only ^?r//i^-hydroxy-azo-dyes), both in order to compare their 
dipole moments and to determine the structure of />-hydroxy-azo- and 
amino-azo-compounds, in which the possibility of the same isomerism or 
tautomerism has never been excluded by decisive experiments (Table I.). 

TABLE !♦. 


c . 

p. €. W*. 

Pk - 

Pel p. 

Pe. 

PA-hO. 


o-Hydroxy-azobenzene.» t 

= 15*4° C. Benzene. 


0 

0*0111 
0*0165 
0.0219 
002 71 

0*8841 2*2932 — 

0*8901 23342 — 

0*8930 2*3540 — 

.0*8959 2*3766 — 

0*8988 2*3958 — - 

26 - 579 

27 - 435 
27-859 
28*306 
28*707 

io 3 * 98 "j 

— 104*32 1 

— 105*40 [ 

— 10506 J 

calculated 

69-35 

34*6 

35*0 

36*0 

35*7 


^’a+0 = 36 - 7 . 


H - - 1-31 D. 


1 

i- Benzene -azo- 2 -naphthol.** 

C. Carbon disulphide. 


0 

000742 

001080 

1*2691 2*6390 -- 

1*2670 2*6781 

1*2661 2*6950 

21158 

21*875 

22*198 

— 117-80 ■( 

— J17-46; 

calculated 

7659 

41*2 

40*9 


poo — 


M = 1-4 D. 



2 -Benzene-azo - 1 -naphthol.^ 

/ = 28*2^ C. Benzene. 


0 

0*00591 

001452 

0*8688 2*2676 — 

0-8733 i-ioiy — 

0-87 w 2-3414 — 

2(>-666 

27-370 

2 S -453 

— 146*78* 

— 149-83. 

\ calculated 
; 78-9 

67*9 

70*9 


0 ^9-4 (average). 

M =- 1-8 D. 




Amino- azobenzene. t - 

- 15*4° C. Benzene. 


0 

0*00805 

0*01092 

0*0152 

0*8841 22932 — 

o*88fK) 2*3877 

0*8880 2*4206 — 

0*8895 -2 4709 — 

26*576 

28*211 

28- 739 

29- 573 

229-57 
™ 224*56 

— 223*80, 

[calculated 

J 71*249 

158-2 

153*3 

152-5 


Pf+0 - 


ti -= 2-71 D. 



* The figures have the following significance : c molar fraction, p density, 
c dielectric constant, n refractive index, Pj total polarisation (Pb^ electronic 
polarisation) for the solution, P(/^) the same for the solute, Pa+o atomic and 
orientation polarisation, which is extrapolated graphically to infinite dilution 

(^r+o)- 

For part of the substances w'c had at our dispasal an Abb^ refractometer ; 
for the others the Zeiss interferometer, which which, however, it is not possible 
to determine the refractive index of highly coloured substances, at least not at 
the same concentrations as the dielectric constant. In these cases Pk w»as cal- 
culated from the atomic and bond refractivities, or was determined at much lower 
concentrations, the average of the observed values being used in the case of high 
concentrations. This procedure is justified, since Pk does not depend on the 
concentration, 

• Commercial preparation rccrystallised until constant m.p. 83®. 

** Zincke and Rathgen, 1886, 2485. From alcohol ; m.p. 133°. 

® Zincke, Bsr,, 1883, 16^ 1563 ; 1884, 17, 8030 ; m.p. 138®. 

M.p. 126®. 
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TABLE I. — Continued. 


c. 

P- 

€. M*. 

Pi- 

PEi- P- 

Pe. 

Pa+o. 


4 - Benzene - azo - 1 - naphthy lamine . ® 

t 15*6® C. Benzene. 


0*00882 

0*01247 

0*01598 

0*8835 

0*8903 

0*8931 

0*8958 

2*2926 

2-3877 — 

2-4300 — 

2-4693 — 

26*582 

28*238 

28*936 

29*616 

3^1 calculated 

z v , lt ! 

137*6 

138*8 

139*8 



^A+O = *40. 


11 = 2-56 D. 




Dimethylamino- azobenzene.’ t 

= 26*9® C. Benzene. 


0 

0*00500 

0*00885 

0*01264 

0*8704 

0-8732 

0-8754 

0*8776 

2*2702 2*2372 

2*3712 2*2479 

2*4325 2*206 

2*4929 2*2696 

26*656 

28*287 

29*277 

30*237 

26*171 — 

26-491 34874 

26*803 322*87 

27*059 309*94 

89-36 

97-57 

96-38 

254*3 

228*4 

215*5 



^A+O == *79. 


(Average 

94-44) 

M = 3-68 D. 



1 ** Benzene - azo - 2 - naphthy lamine .K 

i 15*8® C. Benzene. 


0 

0*01058 

0*01413 

0*1759 

0*8835 

0*8919 

0*8947 

0*8975 

2-2924 — 

2-3724 -- 

23985 

2-4283 — 

26*582 

28*078 

28-565 

29*099 

^ f A \ calculated 

— 106*92 > 

— 169*66 J 7 59 

91*4 

90*3 

93*0 



Pa +0 = 97 - 5 - 


ji - 2-14 D. 




0 

c- Naphthy lamine.’^ / — 22*8® C. Benzene. 



0 

0*02271 
003 1 76 
0*04159 
0*05012 

0*8759 

0*8841 

0*8876 

0*8914 

0*8948 

2*2783 2*2470 

2*3604 2*2680 

2*3962 2*2750 

2*4352 2*2892 

2*4717 2*2986 

26*623 

28045 

28*646 

29*295 

29*820 

26*164 

26*706 89*21 

26*911 90*32 

27*210 90*86 

27*435 90-4t 

50*08 

49*38 

51*33 

51*53 

^ 

39*1 

40*9 

39*5 

38*9 



^A-fO ^ 3 * 4 * 


= 1-44 D. 




j8-Naphthylamine.^ t - 22-8® C. Benzene. 


0 

0-8753 

2*2783 

2*2470 

26*623 

26*163 

— 


► 

0*02309 

0-8826 

2*3928 

2*2692 

28*561 

26*780 

110*56 

52*88 

57*7 

0*02551 

0-8833 

2*3995 

2*2710 

28*687 

26*836 

107*52 

52*55 

55*0 

0*03154 

0*8852 

2*43x5 

2*2795 

29*211 

27037 

108*68 

53*80 

54*8 



poo _ 
*^A+0 ^ 

63-0. 


M = 1-74 D. 




/>-Hydroxy*azobenzene.i / ^ 

14 - 7 ° C. 

Benzene. 



0 

0*8849 

2*2947 

— 

26-573 

— 

— 

calc. 


0*00503 

0*8861 

2*3176 

— 

27-071 

— 

125*59 

69*35 

56*2 



poo 

•^A+O ~ 

56*24. 


M = 1-62 D. 




® Griess, Annalen, 1866, 137, 60. From 25 per cent, aqueous alcohol; m.p. 
122®. 

^ Moehlau, Ber., 1884, 17, 1491. From methyl alcohol; m.p. 117® 

« 7 . i-Benzene-azo-z-naphthylamine. Bamberger and Schieifelin* Ber,, 1889, 
22,1376 ; m.p. 102®. 

^ Commercial sample, several times recrystallised. 

* As 

J Oddo and Puxeddv, Ber., 1905, 38, 2735 ; m.p. 152®. 
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TABLE I. — Continued. 


c. 

P 

c. 

w*. 

-Pi- 

Pe|. P. 

Pa- Pa+o- 


^-Hydroxy-azobenzene.ic t = 

15*2° C. Dioxane. 



0 

1*0342 

2*2369 

— 24*841 

— — — 


► 

001559 

1*0390 

2-3598 

— 26*931 

158*87 I calculated 

89*5 

0*02105 

1*0406 

2*4011 

— 27*631 


88*0 

0*04073 

1*0467 

2-5579 

— 30*200 

87*1 



Pf+O “ 89 - 0 . 


f4 = 2*04 D. 




4 -Benzene-azo«l-naphthol.^ t 

= 28*3® C. Dioxane. 


0 

10251 

*•2317 

2 0050 

24*987 

21*542 -- 

— 

► 

0*00373 

1*0264 

2-2645 

2 * 016 I 

^ 5*595 

21*839 i88*o 

IOI*I 

86*9 

0*00573 

1*0271 

2-2875 

2 * 02 I 8 

25*997 

21*995 201*4 

100*7 

100*7 



Pf+O = 93-8 (average). 

li. = 2-1 D. 




/>-Methoxy-azobenzene.™ / = 

- 22*8® C. Benzene. 



0 

0-8753 

2-2783 

2*2377 

26*623 

26*025 — 

— 

— 

0*01107 

0*8800 

2*3226 

2*2560 

27*621 

26*652 116*82 

82*73 

341 

0*01920 

0*8835 

2*3500 

2*2741 

28-374 

27*185 117*83 

86*40 

31*4 

002550 

0*8862 

2*3809 

2*2840 

28*960 

27-537 118*26 

85-33 

32*9 

0*03462 

0*8900 

2 *4 ^ 86 

2-3043 

29*809 

28*135 118*64 

86*98 

31*7 



poo 

^A+0 ■“ 

34-8- 


/t = 1-29 D. 



4 - 

Benzene- 

azo-l-methoxy -naphthalene. » t = 24*8® C. Benzene. 

0 

0-8730 

2-2743 

2*2410 

26*639 

26*146 

— 

— 

0*01346 

0*8821 

2*3267 

2*2810 

27*976 

27*301 125*97 

111*97 

14*0 

0*02165 

0*8877 

2*3656 

2*3007 

28*888 

27*931 130*39 

108*69 

22*0 




18*00 (av*erage). 

M = 0-93 D. 




Benzophenone-hydrazone.o / 

= 15*6® C. Benzene. 


0 

0*8838 

2*2928 

2*2928 

26-578 

26-578 — 

— 

— 

0*00093 

0*8842 

— 

2*2938 

— 

26*617 — 

69-43 

— 

0*00244 

0*8847 

— 

2-2954 

— 

26*669 — 

69-91 

— 

0*00277 

0*8850 

— 

2*2958 

— 

26*699 — 

70*22 


0*01723 

0*8909 

2*4174 

— 

28*826 

— - 157-0^1 


87*2 

0*02076 

0*8923 

2*4427 

— 

29*279 

— 156-67 

K 69*85 

86*8 

0*02979 

0*8960 

2505^ 

— 

30*404 

— 158-36] 

1 

88*5 



poo 

^ A 40 “ 

87*50. 


M = 2-02 D. 




Benzophenone - phenylhy drazone . i 

^ ^ = 15*3^ C, Benzene. 


0 

0*8842 

2-2934 

J-i 934 

26-575 

26-575 — 

— 

► 

0*00044 

0*8845 

— 

2-2945 

— 

26-657 ~ 

109*78 

— 

0*00032 

0*8848 

— 

2-2958 

— 

26-754 — 

110*87 

— 

0*00131 

0*8855 

— 

2-2985 

— 

26-956 — 

114*24 

— 

0*01124 

0*8916 

2*4049 

— 

28*685 

— 214-2491 

1 

102*6 

0*01527 

0*8943 

2*4498 

— 

29*896 

217*842 

^111-63 

io6*2 

0*02591 

0*9014 

2*5521 

— 

31*406 

— 213027^ 

1 

102*0 



poo 

-^A^-O ^ 

io6*oo. 


fi = 2-22 D. 




^ Witt and Dedichen, Ber., 1897, 30, 2657 ; m.p. 206°. 

1 M.p. 54''. 

“ Interaction between 4-ben2ene-azo*i-naphthol and diazomethane (Smith, 
J. Chem. Soc., 1908, 93, 845) ; m.p. 82®. 

® Curtins, J. prakt. Chim., 1891, 44, 194 I ^ P 9 ^^* 

® Schlenk and Bergmann, Annalen, 1928, 463, 312 ; m.p. 137®. 

Goldschmiedt and Schranzhofer, Motiatsh., 1895, S08 ; m.p. 152®. 
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TABLE I. — Continued. 


r. 

P- 

c. 

nK 


Pk 

f'A+0. 


Fluorenone - phenylhydrazone A 

t — 16*0® C, Benzene. 


0 

0*8834 

2*2920 

2*2920 

26-579 

26*579 — 



0*00029 

0*8836 

— 

2*2923 

. 

26*590 — ^4*38 

— 

0*00059 

0*8839 

— 

2*2925 

— 

26*611 — 8o*86 

— 

0*00071 

0*8840 

— 

22927 

— 

26*619 — i^2*32 

— 

0’00i8i 

0*8848 

— 

2*2930 

— 

26*668 — 75*89 

— 

0*00950 

0*8909 

2*3606 

— 

27*954 

171*3^1 

95*5 

0*01242 

0*8930 

2*3780 

— 

28*311 

— 169-54 H 75 -S 6 ) 

93*0 

001457 

0*8950 

2*3969 

— 

28082 

— 170-78; 

94*9 



poo 

^A-fO ~ 

98 0. 


M 2-12 D. 


2 . 

3 -Dipheny Undone -phenylhydrazone.' f --- 14*2* C. Dioxanc. 


0 

1-0354 

2-^373 

— 

24*818 



^ 

0*00856 

I 0406 

2*2998 

— 

26*270 

— 194*39^ caJeu- 

77*5 

001251 

1*0430 

2*3262 

— 

26-<i09 

— 192*05 Mated 

75*2 

0*0 1 803 

1*0403 

2-3637 

— 

27-813 

— 1 90*98 J 1 16*89 

74*1 



pQO ^ 1 

»i* 5 - 


M “ 193 0. 


Benxophenane-benzylphenylhydrasone.* t 25*9 ' C. Benzene, 


0 

0*8738 

2-2757 

2*2371 

2(>*632 

26062 — 


000933 

0*8815 

2 ' 37«5 

2*2573 

28*807 

27*028 259*56 129*53 

130*0 

001264 

0*8842 

2-4040 

2*2651 

29*419 

27*372 246*99 129*61 

117*4 

0*01899 

0*8894 

24659 

2*2747 

30 - 7«4 

27 * 9 <»o 345*27 I 25 <)<) 

* 19*3 



^A+O =" ' 

t 39 . 


ft ■= 2-60 D. 


^-Naphthoquinone-/ 3 *benzyl-phenylliydniaM>ne,^ t 29*0'' C. Bcmzene. 

0 

0*8679 

2 * 26()0 

2*2327 

26*671 

20*174 



0*00633 

0*8748 

2-3146 

2*2437 

27*734 

26*68 1 194*7 *«6*3 

88*4 

0*00812 

o*87^>8 

2-3281 

2*2476 

28037 

26*837 194*9 i«> 7’9 

870 


^A+O (average) = 87-7. 

M » 2-2 D. 



Qiilnolein-yell0w.» 

t - 14*2'^ C. Dioxane. 


0 

1 *o3(>o 

2*2373 

i a 373 

24-803 

24-S03 

— 

0*000x4 

1*0362 

— 

2-238, 

— 

24*816 - 116*85 

-- 

0*00030 

1 0364 

— 

2*2400 


24*836 — 1350^ 

— 

0*00223 

10390 

2*2962 

— 

25*^73 

— 411*21 125*93 

a» 5-3 


(average) 

^A+O “ M “ 3 64 £>• 

Schlenk and Bergmann, Aftnaien, 1928, 463, 222 ; m.p. 

^ From bcnzophenone (4*6 g.) and benzylphenyl-hydrazinc (5 g.) in acetic 
acid (20 c.c.) at boiling temperature for two hours. From alcohol; m.p. iio^ 
(compare Bovini, R.A.L,, [3] 19 * 3 . 2a, II., 4 ^ 5 )- 

* /}*Naphtho-quinone (3*2 g.) in glacial acetic acid (25 c.c ) and benzvFphenyl- 
hydrazine (4*0 g.) in cone, hydrochloric acid (3*3 c.c.) are mixed and felt in the 
ice-chest for twenty-four hours. The dark violet product is filtered and crystal- 
lised from alcohdl ; m.p. lofi"*. (Found : C, 81*3 ; H, 6*i, Calc, for : 

C, 8i'6: H, 5-3.) 

< According to Jacobsen and Heimer, Ber., 1884, 16, 1082, as follows: phihaltc 
anhytlride (50 g ), quinaldine (50 g.), and zinc chloride (fused, 50 g.) are heated at 
200^ C. for two hours. The mass is warmed with concentrated sulphuric acid 
(200 c,c.) on the water-bath and poured into water {4 litres). The insoluble 
residue is heated again with the acid (100 c.c.) and the mass poured into water 
(2 litres). The product is filtered, dried and recry^stallised from a mixture of 
propyl and amyl alcohol. Cotton-wool-lake needles, m.p. 240**. Yield 22 g. 

** Commercial oroduct. rf!scn*stAlliiM>d from fwrtnvl * m ir» 
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TABLE I. — Continued. 


c. 

P' 

€. 


Pi 

Pm- P. 

Pz- 

Pa-^0. 



Xanthone.v t 

^ 14 4' C 

. Benzene. 



0 

0*8853 

2*2964 

2*2964 

26-583 

26-583 — 

— 

► 

0*00098 

o-SSOo 

— 

2*2976 

— 

26*621 ~~ 

6326 

— 

0*00197 

0*8867 

— 

2*2988 

— 

26*641 — 

<> 3-37 

— 

0*00633 

0*8898 

i-38i2 

2*3044 

27*914 

26*819 236*39 

6347 

1730 

0*01004 

0*8925 

^• 44 * 7 

— 

28*799 

— 247-14T 

average 

183*8 

0*01322 

0*8948 

1-487* 

— 

29*469 

— 244-83/ 

63-37 

i8i*5 


J 

A-fO 

198. 


M - 3 07 D. 





Xanthene.* / 

- 28 0'' C. Benzene. 



0 

0*8691 

2*2680 

2*2314 

26*664 

26*119 — 

— 

► 

0*02313 

0*8799 

i- 344 S 

2-2485 

28*281 

26*853 96*68 

57-88 

38*8 

0*02535 

o*88og 

2 * 35.54 

2*2503 

28*193 

26*926 86*98 

57-95 

29*0 

0*02938 

0*8828 

23542 


2 N -554 

27-058 90-99 

58-09 

32*9 



33*58 (averafrel. 

- 1-28 D. 





Aaobeiixene.* t 

- 15U c 

Dioxane. 



0 

1 0344 

2*2370 


24-847 

— — 

— 

— 3. 

004527 

I 037 « 

2*2772 

— 

26-544 

62-55 = 

62*55 

0 

0*08932 

10412 

2*3093 

— 

28-130 

— 61*71 = 

61*71 

0 






M 0. 




’ Hdler and Kostanfcki. Btr., iijoS, 41, 1325 ; m.p. 99', 


I. Zwitterion Formula. 

Since the values for the ortho hydroxy-xw-dyes are not abnormally 
high, we cofuiude that these substances cannot contain remarkable 
amounts of the Zwitterion-form in their solutions. Indeed, Kuhn him- 
self has recently* shown that 4*hcnzene-azo-l-naphthol does not raise 
the dielectric constant of its solvents, pyridine and nitrobenzene. It is 
very remarkable that the /)*amin(»‘azo compounds have anomalously 
high moment.s, as compared with the “ normal ’* values of aniline 1*53,* 
JV-dirnethylanilinc 1*58,* and a- and ^ naphthylamine (sec Table I.), the 
higher value (or the /S-isomcr agreeing with earlier data.* Obviously, 
p-amino-azo compounds should have the dipole moment of the group 
NRi, since such compounds as azo-benzene have zero moments.’ Here, 
again, two formulae (IV) and (V) arc possible : 

\_NH-N=!(^_^=NH and ^ 

(IV) (V) 

^AntuiUn, 1055. 516, 151. published some time after our preliiniiiary 

publication. Chmix/ry and Induift-v, 54* 

* Haasel and Uhl. Z arm., ii, 1930, 8, 187. 

* Fogelberg and Williams. Pkyuk, Z., 1931, 27. 

* Part*. Z. pk^ik. Chim , B, 1930. 10, 264 ; Nakata, Bit., 1931, 64, 2059. 

* Bergmann. Engel and Sandor. Brr., 1930, 63, 2572. 


^2:4- 



1324 DIPOLE MOMENT AND MOLECULAR STRUCTURE 

The more reasonable seems to be (V), since only that structure 
provides equally for the formation of amino- and dimethylamino-azo- 
benzene, without migration of an hydrogen atom,® and seems to explain 
how, by addition of acid on the ends of the charged system, they form 
salts. 

These particular “ anomalous ’* compounds are not unique. The 
abnormally high dipole moment of p-nitraniline • must certainly be 
accounted for by VI, since its N-dimethyl-derivative has a still higher 


o. n 


o 


(VI) 


H 


H 


}f 


\ r ru 


(VII) 


0 “ 


moment (6*87).'® It may be pointed out that the differences between the 
moments of amino- and N-dimcthylamino-azo-hcnzcne (0-97) and amino- 
and N-dimethyl-amino-nitrobcnzenc (0*72) are of the same order, 
According to Hasscl and Naeshiigcn,'^/> amino*acetophcnone has too high 
a moment. Here, too, the compound may exist partly in an excited form 
such as VII. The ability of the carbonyl group to I>c converted into a 
semipolar double bond system (Vil) has been discussed by McKenzie 
and his co-workers.^* Furthermore, as we have pointed out,® the un- 
usually high moment of nitroso-dimethylaniline may easily be explained 


ON: 


■\=/“ \ 

(VIII) 


CM, 


CH, 




\ V V 

(IX^ 


/ 


./ 


by VUI, which accords with its chemical properties (hydrolysis to di- 
mcthylamine and p-quinone-monoxime, inuraction willi methyl iodide 
and with benzoyl chloridej. Other explanations might he given ; for 
instance, one might assume mesomeric forms between the classical and 
our formulae,*® or, what seems essentially the same, resonance between 
the two forms.** Obviously, one cannot, by dipole montents atone, 
decide which is the most suitable.*® In the case of i-l>cnzene-azo-2* 
naphthylamine (the moment of which is not very different from that of 
2-naphthylaminc), one would accordingly assume that the proportion 
of Zwitterion molecules is somewhat small, or even zero, since the small 
difference between the two moments may easily be explained as due to 
an “ ortho-cffcct of the double bond on the C — OH — moment.*®^ 


* For similar ol)i*i*r\'alic>ns see Hurawoy. J^er , 1931, <{^4, aOi. 470^ 

• Trans. Faraday Soc . 1934, 3 ®* 1 **** i and Porter and Kumkr, /. Am. Chfm. 
Foe.. 1934. 56, 2549. 

‘•Marscien, ibid , p. Ixxiii. Compare Marsden and Sutton. /. Ckim. 

5 ^- 

Compare the moment of f^-nttro-phenvlhvdrazine {7 a 1 >) ; Pllich. 

physikal. Chem., B, 1932. Ig, 417. 

” Biochem. Z., 1929, aoS* 456. 471. 

** Le Fdvre and Smith, J, Ckem. Soc., 193a, 2239. 

'♦Sutton, Trans. Faraday Soc., 1934, 7 ^- 
j* Oimpare Arndt. Ber., 1930. 63, ^7. 2^3. 3125. 

See the following paper. 
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2. Structure of p-hydroxy-azo-dyes. 

Zwitterion formulae for the /J-hydroxy-azo-dycs are ruled out by their 
relatively low dipole moments. It remains to decide whether the dyes 
arc quinoid or azoid compounds, and whether, indeed, an uniform for- 
mulation is possible. The dipole moment of p-hydroxy-azo-benzene in 
benzene solution is the same as that of phenol,^* so that its structure (IX) 
seems unambiguous, its moment being exclusively determined by that of 
the hydroxyl group. Again, p-methoxy-azo-benzene has a moment nearly 
identical with that of anisole.^^ As a matter of fact, />-hydroxy- and 
p-mcthoxy-azo'benzene have in benzene solution identical absorption.^* 

Whilst the dipole moment of 4*bcnzcne’azo-l-methoxy-naphthalcne 
is sufficiently near to that of the methoxy-group in anisole to give a clue 
to the formulated structure, it is difficult to see why the corresponding 
hydroxy*comf>ouiui and p-hydroxy*azobenzene have a somewhat high 
moment in dioxane solutitin, especially since azo-benzene itself has 
nearly the same total polarisation (which in this case is identical with the 
electronic polarisation) in benzene and dioxane. The change must 
therefore be structural, involving a partial (tautomeric) change into a 
quinoui hydrazonc structure ** 

<(_' y-N-N- / )-OH -N=<^^)>=0 

(X'. ■ ' (XI) 

3. Structure of ortho -hydroxy -axo -dyes. 

For e^divdroxv'azobenzene and 1 -l>enzene*azo*2*naphthol, the dipole 
values art thos(‘ uf the hydroxyl grt>u[) ; an azoid structure, in the solu- 
tions we h.ive u*ed, would be at variance with the spectroscopic findings 
of Burawoy and ^larkuwit^eh.** who 'itate that all the ^-hydroxV'azo 
compound^i are jpunone-hydra/ones. Kuhn and Baer,** however, on 
spectroscopic grounds, assume the azoid structure for (i-hydroxy-azo- 
benzene (similarity between the <>- and mdiydroxy -azo-benzene bands), 
but a quinoid formula ((»r i -benzene-azo-z-naphtliol. Since the infiuenceof 
a possible chelation ^ cannot he evalu.ited. the dipole moments in the two 
above rases do not lead to any decision. On the other hand, our measure- 
ments with 2-benzcne a/o-M\iphthol seem to agree with the spectroscopic 
findings and to show that the substance has (quinoid? hydrazone structure, 
because the difference bet w ren llic dipole moments of the azo-dye and 
of the (certainly (|uinoid) jS-naphthoquinone henzyl-phenylhydrazone is 
no greater titan that between the moments of iK'niophenone-phcnyl- 
hydrazone and •lienzylplienylhydrazone. 

** I>(»nle and Ohrekeus, l oi ± 0 03 ; Z. phystk. Ckrm., H, 1922, |8, 316. 

IXmle and Volkert, 1*23, /. phystk. Ch^m.. B, 1930. 8, 60. 

*• Kuhn and Baer, AnmUtn, 1^35, 516, 155. 

'•The vanons hydraxoncs we have investigated have dipole moments of the 
same magnitude as tliose under discussion ; the dipole moment to be expected 
for (XI) cannot, of course, be calculated theoretically from the dipole moments of. 
say, benfophenone-phenylhydrasane and the carbonvl group, since the hydraioiie 
gfOQp has no axial symmct^)^ Kuhn and Baer recently observed' spectro- 
scopically such a structural shift under the infiueiice of solvents, even in the case 
of 4-bei)Mne-ajo-}-naphthol. (The possibility of tautomerism of p-hydroxy-aao- 
oompounds has been mentioned by Borsche. Mueller and Bodenstein, Ammien^ 
47 a« so ; in a certain number of such substances Lauer and Miller (/. Am. 
Cktm. So€., 1955 , 87 % 5*9) have proved a quinonoid activity.) 

•• AniuUin, 1953. 197 : 1933 * bo. 

•••Compare SIumtMifer, Cktm. CmMbl., 1935, 3x73, 
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Measurements of dipole moments may, as a rule, be used for detecting 
substances of the Zwitterion type, since these should exhibit an unusually 
high electric moment. As a matter of fact, the method has been used quali* 
tatively for amino-acids and peptides,*^ and also for other organic mole- 
cules.** Two new' cases, xanthone and quinoleine yellow arc here discussed. 
The dipole moment of xanthone should be equal to the difference between 
those of the carbonyl group ** and of xanthene, the moment of which is due 
exclusively to the diphenyl ether system, participating in the ring — the 
assumption being made that the xanthene system is plane. The moment 
(1*28) for xanthene agrees reasonably w'ith that of diphenyl ether.** The 
** normal ** moment of xanthone should be therefore 2*95 •— 1*28 1*67 D, 

whilst that observed is as high as 3*07. The unusually low chemical activity 
of xanthone agrees with the conclusion that the moment is due to the fact 
that part of the xanthone molecules exist in a Zwitterion state (XIII).** 


O 


\/\ 




/\/'^\/\ 
I i I ; 
i I II 

x/V/x/ 


I 

o- 

[/x=i- 67D.1 [•‘igl'M-i 

(XII) (xiir 


For quinoleine yellow, a Zw'itterion formula (XV) was once suggested by 
R. Kuhn,** instead of the ** unexcited ** formula (XIV), and now with- 
drawn.*’ Our measurements confirm this ; the value of 3*04 lor the 


CO 

^\^CO\ ^ , 

i I \_l II I 
I i /“X/V 
X/XcoX NH 


CO. ^x/x 

/X/^^\ i! I 

I I ii 1 

! X/X/ 

XXX r X ^NH 


o- 


(xrv) (XV) 

dipole moment in dioxane solution is not low but, since quinoleine *• 
itself has a moment of 2*14, only a small fraction of the molecule can 
exist in Zwitterion form. 


The Daniel Sieff Research Institute, 

Rehovoth, Palestine. 

” W. Kuhn and Martin. Ber., 1934, i physik. Chem., A, 1936. 

175 » 1; Devoto, Z. physiol. Chem., 1933. 333 , 137. and earlier publtcaltons ; 
R. Kuhn and Giral, Bet., 1933, 908 ; Naturwiss., 1935. ^ 3 * ^ 39 - 

” Hunter and Partington, J, Chem. Soc., 1933. 87, and Amdt. Martin and 
Partington, ibid., 1935, 602; Lc F^vre, J. Chem. Soc., 1936, 398; sec also 
SutUin,** and the authors.* 

*• Benzopbenone. Bergmann, Engel and Meyer, Ber., 1932. 48 » 446: 2'95. 
•♦Ber^ann and Tschndnowtky. Z, physih. Chem., B, 1912, 17 , 107 : i'i3. 
»• CoUip, /. Chem. Sac., 1904, Bg, 973, suggested a similar formula for pyrones. 
•• Naiurwiss., 1932, 30 , 618. 

Kuhn and Baer« Annaden, 1933, g»6, 135. 



DIPOLE MOMENT AND MOLECULAR STRUC- 
TURE, PART XVIIL THE DIPOLE MOMENTS 
OF SUBSTITUTED a-METHYL-STYRENES. 


By Ernst Bergmans and (Miss) A. Weumann, 
Received 14/^ Aprils 1936. 


OrM<?-disubstituted benzenes have anomalous dipole moments, differ- 
ing from the vectorial sum of the single group-moments. One may 
explain the “ ortho-effect/' by assuming either that the group moments 
remain constant, there being a widening of the angle of the substituent 
valencies owing to the volume ” of the substituents,^ or that the group 
momeiTts change by mutual induction, whilst the direction of the ring- 
substituent bonds remains constant * ; or, again, both effects may apply 
at the same time. 

That widening of the angle between ortho-substituents occurs to a 
certain extent, haa since been demonstrated.® In order to ascertain the 
magnitude of the induction effects concerned, we have studied in benzene 
solution the dipole moments of several (7rM4>-substituted a-methyl- 
styreries : since the 


\ / 

\x 



ethylcnic group, having no marked dipole moment, is highly polarisable. 
In view of the smallness of the carbon atoms, it is unlikely that X is 
deflected from its normal direction.* The theoretical dipole moment of 
the oriho-suhstituied a-methylstyrenes should l>e equal to the sum of 
the moment of X and the resultant moment of the unsaturated system. 
The latter .should be about 0*5 and parallel to the moment of the 
nucleus-X bond, since it results from the styrene moment,® and the 
methyl moment, the angle between the C-methyl and the C-phenyl bond 
being assumed to be Induction would, as usual, tend tc decrease 

the expected moment of (X -f- 0*5), 

Table I. shows that there is a marked influence, except in the first 
case, where the theoretical moment has actually been found ; o-xylenc, 
however, also has the theoretical moment.’ In a-naphthyl-methyl- 
ethylcnc, already, the expected moment has fallen to zero. Comparing 


^ Suggested originally by Bergmann. Engel and Sandor. Z. pkysik, Ckem, Bb 
1930, 10, 106, as a working hypothesis which proved quite satistactory {compare 
Kassel and Naesbageu. ibtd,, 1931. la* 79). 

• K. F. Hencfeldand Smallwood./. Am, Ch$m, Soc., 1930. ga, 1919. 

• Hendiicks, Maxwell. Mosley and Jefieison, /. CMem. Physics, 1933. 542 ; 

and de LaaxlQ, Trans, Faraday Soc,, Z934» 30, 892. 

• Compare Adams and co-worken. /. Am, Chem, Soc,, 1928, go* 2498 ; 1930. 
2 ^ 59 . 

• See Sutton, Trams, Farads Soc„ 1934, jo* 798, • 

• According to Brockway* Beach and Pauling, /. Am, Chem. Sac., 1935, S 7 f 
*684; 116 ^ 2® 

’See taler aiim, Tiganik, Z. pkystk, Ckarn,, B, 1931, tg* 425. 
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TABLE I. 


Compound. 



Dipoto Moment 
(Benxene Solution). 

Group Koment 
of X. 

a-Dimethylstvrene 



0*8 

0-4 

a-Naphthyl-methvl-ethylcne . 



, 0 

0 

o-Methoxy-a- methylstyrene . 



148 

1*23 

o-Fluoro-a-methylstyrene 



Jr‘54 

»*45 

o-Bromo-a-methylstyTcne 



1-87 

1-49 

o-Iodo-a-methylstyreiie . 



148 

I 30 

w-Methoxy-a-methylst}Tene , 



i*b5 


#a-Chloro-a-methybstyrene 



1*80 

156 

/>-Methoxy-a-methyl-«t\Tene . 



X‘33 

1-23 

/>- Bromo-a-meth yi-styrene 



1*45 

l‘49 


the moments of ^?-methoxy-, i>-bromo* and o-iodo-a*methyL 

styrene, the lowering effect is seen to be great in the case of the 
methoxy-, tluoro- and iodo-compound, and relatively small with the 
bromo-derivativc. 

For purposes of comparison, we have also investigated some m- and 
/^-substituted a-methyl-styrenes. It should be possible to calculate their 
moments from those of X by vectorial addition of 0*5 D. at angles of 
60® or 120® respectively. The theoretical value for m-chloro-a-methyl- 
styrene is 1*86, for the />-bromo-compound 1*52, both in good agreement 
w'ith the observed figures. For the mcthoxy-compounds no exact cal- 
culation i? possible due to the spatial structure of the oxygen valencies, 
but the observ’ed values show the expected magnitude. These data, 
however, .support the dipole moment ascribed above to the unsaturated 
system of a-methyl-styrcnc, and show* that the deviations discussed are 
really due to an inductive effect, 

TABLE II • 


r. 


c. 

n*. 


P,J. p 

Pu 




a-Dimetbylatyreiie.^ i 

•» tyr C. 



0 

0*8739 

^•^759 

2 2344 

20032 

26018 — 

..... 


0*04 340 

0H739 

2'3209 

;?*238o 

2M-io8 

26*850 f>o-57 

45 35 

13* 

o*07f>6o 

08738 

^• 34*5 

2 * 2^3 

28029 

27 * 37 * 39^*7 

45*18 

14*0 


^ 16*0. /i 0'8 D. 


* lor the signihcance of the figures, see page 1319. 

» All the materials were prepared as follows : 

yOH - H ,0 

Ar . COOK 4 - 2CH JUgl ► Ar . C^CH, — • Ar , C 

in. 

The dehydration of the carbinols which, owing to their inclination to spontaneous 
dehydration, could not always be isolated Ttt an analytically pure form, was 
effected by heating with acetic anhydride, following the procedure of Staudinger 
and Breusch (Bsr., 1929, fia# 442). 

o-Tolyl-dimethyl-carbtnol was prepared from magnesium (3*9 gr.). methyl 
iodide (24 g.) and methyl o-toluate (11 g.) ; b.p. 80® /a mm. YieW 9*5 g. The 
?* «*dimethyj styrene prepared from that carbinol with acetic anhydride (to gr.) 

i - **5na (Kay and Perldn, J. Ck$m. Soc,. 

»7, 108^ Ttfienau, Antudes, [8]. 1907, io« 194 ; Sabatier and Murat, Compi. 

1913, tf6. 183, Annahs, [9], 1915, 4, ays). 
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c. 

P- 

c. 

n». 

Pk- 

Pnk- 

P. 

p%- 

Fa+i- 


a- 

* Nnphthylmethy 1 -ethylene . 

P t =: 

zb't C. 



0 

0*8706 

2*2706 

2*^347 

26*655 

26*122 

— 

— 

► 

0*03889 

0*8792 

2*3003 

2*2596 

28*030 

27-412 

62*01 

5927 

2*7 

0*07277 

0*8866 

2*3217 

2*2816 

29*164 

28-544 

61*14 

59-53 

1*6 



^2Vo = 

2 *IT. 


^^0 D. 




0- 

1 

1 

- a-methyUtyrene 

t = 

26*9® C. 



0 

0*8704 

2-27oa 

2*2363 

26*656 

26-153 

— 

— 

► 

0*01651 

0*8728 

2-3184 

2*2377 

27*689 

26*489 

89*19 

46*50 

42*7 

0*02468 

0*8740 

2-3489 

2*2396 

28*293 

26*671 

92*99 

4715 

45*8 

0*03682 

0*8758 

2-3804 

2*2413 

28*990 

26*925 

90*10 

47*12 

43*0 

0-05339 

0*8783 

2*4281 

2 2440 

30014 

27*279 

89*46 

47-24 

42*2 



^A 40 ^ 

45 * 0 . 


M = 

= 1-48 D. 




0- 

Fluoro-ot 

- Methylstyrene . ^ 

t 25-9'’ c. 



0 

0*8738 

^*2757 

2 2344 


26*022 

— 

— 

► 

0*02547 

0 8787 

2 3647 

2*2347 

28*189 

26-288 


36*50 

48*0 

0*03577 

o*88ot> 

i 3^45 

2*2306 

28-725 

26*633 

86-49 

4311 

46*7 







Average 









39-80 




p '30 

49 * 0 . 


■ 

=’ 1-54 1>- 




c 

>-Bromo- 

a* methylstyrene . 

0 t = 

27-3' c. 



0 

0*8710 

2*2^m)4 

2*231.3 

2*J-<)26 

26*135 

— 

— 

^ 

0*01400 

o*88n 

^•3353 

2*230(> 

27-844 

26*386 

113*62 

44*12 

69*5 

0*01638 

0*8830 

2*3481 

2*2380 

28074 

26*448 

114*86 

45*27 

69*6 

0*02210 

0*8872 

**•3745 

2-2386 

■'S-SSS 

26*557 

113*91 

45*24 

68*7 



px 

^ A tO 

7**5 


M ■ 

- 187 D. 




^Grignard, Bull. i>oc. Chtm France, i<)OL ^5# 49^; *4nnate^, [y], 1901, 24^ 
472. B p. liS^/vS mm. 

» fhc reaction of ethvl o-mcthoxy*l>en2<>atc (b.p. i3S‘i44"";28 ram.) (i8 g.) 
with magnimura (5-5 g ) and methyl iodide ^^7 R ) gave a mixture of the carbiool 
and the cormpondtng sstyrene derivative, lx>ilmg at 55-05 /i mm. Therefore 
the product (to gr.) wasi heateti with the same, quantity of acetic anhydride for 
H hours. B.p. 50-00 , i mm.; yield 4*8 g wp** i'529<>- (Found: C. 80*8; 
H. 8*1 ; C,<|H ,,0 requires C, 811 ; H. 81 ) It has already been reported by 
B^hal and Tinencau remf.. 1904. 139, 140; Butt. Sf>c, Cktnt, France [4] 

1908, 3» 315) that the alcove Grignard reaction gives immediately the unsaturated 
compound (compare Auwers, ,'lHnaJen, 1917, 413, 303). 

® e-Fluoro-pfienylHiimethyl-Ciirbinol. prepared in the usual manner, had b.p, 
102-104^/20 ram. : anah^is of this substance, as well as that of the corresponding 
llitylefiic compound gave onsatta(actor>* figures for carbon, obviously due to the 
fluorine content. (Found: C. 08-7; H. 7*1. Calc, for C*Hi,0 F ; C, 70*0; 
H. 7'i.) For dehydration it was nt^cessary to heat the carbinol {7-5 g.) with 
acetic anhydride (12 g.) for 8 hours. The styrene boiled at 02"* /iS mm., and 
•bowed »• r‘5009. (Found : C, 77*2 : H, 67 ; C.alc. for C*H,F ; C, So*o ; 
H, 6*7.) 

• From ethyl e-bn>mo-bcn*oate (28 g.), magnesium (6*2 g.) and methyl iodide 
( 3 ^‘» g ) {o-bromo*phenyl)-dimcthyl"Carbinol (13 g.) were obtained ; b.p. *87-93^/1 
mm. (FOiiiid : C* 51*0 ; H, 5*4- Calc, for C^HjiOBr : C. 50 2 ; H, 5*1.) The 
treatment with acetic anhydnde. even after twenty-four houni, was unsucceasful ; 
on heating the carhtna! with acetic anhydride in presence of a few drops of con- 
eentrated sulphuric acid» 4 gr. of tiK desimi styrene derivative w'-ere obtained, 
boiling at 35*65*/o»9 mm. ; *‘553o. which gave satisfactory analytical 

flgorea, (Found : C, 54^8 ; H, 4*9. Calc, for C^^Br ; C. 54*8 ; H. 
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c. 

P* 

c. n*. 



P. 

P%- 




0- lodo- a-methyistyrene 

t « 261“ c. 



0 

0*01988 

002879 

0*03010 

003825 

0-8713 

0-8935 

0-9035 

0-9049 

0*9140 

2*2718 2*2380 

2*3364 2*2482 

2*3723 — 

2*3779 2*2560 

2*4026 2*2570 

26*651 
28*04 * 
28-757 
28-867 
29*401 

26-149 

26-734 

27*067 

27*250 

96*60 

99-84 

100*28 

98-54 

55- 58 

56- 64 

54-60 

41*0 

44*2 

44*6 

42*9 



^A+O “ « 


u * 

1-48 D. 

Average 

55-03 




-Methoxy*2-metJiylstyrene.> t ^ 

23*8" C. 



0 

0*02039 

0*02440 

0*03295 

004675 

0*8742 

0*8765 

0*8769 

0-8779 

0-8795 

2-2763 2-2347 

2-3401 22390 

2-3474 22422 

2-3561 2-2420 

2-4025 2-2467 

26*630 

27*981 

28*171 

28*472 

29*439 

26*012 

26487 

26*615 

26*782 

27*129 

92-88 

89-78 

8^’54 

8672 

49*34 

50*74 

49*40 

49*91 

43*5 

39*0 

33 ** 

3 f >*8 



- 5‘>-5 



1-65 D. 




m 

•Gtdoro- gc-mecliytstyrene. 

*• t «« 26*5^^ C. 



0 

0*01693 

0^2448 

0*03956 

08708 

0*8763 

0*8788 

0*8837 

2-2710 2-2371 

2-3619 2-2434 

2-3938 2-2437 

2*4666 2*2470 

26*654 

28*240 

28*814 

30*077 

26*151 
26*502 
26*62 1 
26*897 

*^ 0*35 

114*91 

113*20 

4 f >-94 

45 *t 5 

45*02 

73*4 

69*8 

68*2 



-^A+o ” 7 < °- 



1-89 D. 




/>-Methoxy**«-metliyI»tyrene.‘ / «• 25*7’' C. 



0 

0*00741 
0*0 1850 

0 03089 

0*03947 

0*8719 

0-8727 

0-8738 

0-8731 

o*87tx> 

2*2725 2**35^ 

2*2889 2*2371 

2*3224 2*2404 

2*3555 

2*3740 2*2470 

26- 645 
* 7 ' 03'9 

27- 763 

28- 507 
28-961 

26*100 

26-271 

2 h -545 

26*850 

27*070 

79*93 

87*10 

86*04 

85*24 

49**3 

50**5 

50*38 

50*68 

30*8 

367 

36*6 

34*9 



^A+O “ 3* 5° 


^ '8at 

1-39 D. 

Average 
50 37 



f From methyJ a*iodo*benioate ($2 g.), magnesium (10*4 g.) and methyl iodide 
(64 g.) the cnide carbtnol (40 gr.) was obtained ; by repeated dishHation im 
vacuo, 21 g- of a nearly pure product were obtained ; b,p. 108-1 10* /0'9 mm, 
(Found: C, 42*2; 42-1 ; H, 4*3; 4*3, Calc, for Cj|H|,01 ; C, 41-2; H* 4*2.) 
The carbinfd was heated with the same amount of acetic anhydride for eight hottm. 
Fractional distillation gave the styrene derivative (8-5 g.) ; b.p, 65-7o"/0‘9 mm. ; 
«!>*• - i\V>55. (Found : C. 44 -6 ; H, 3*^- Calc, for C^.I : C, 44*3 : H. 3-7 ) 

* B6hal f>nd Tideneau « {cf. Auwem •). B.p. 110^/22 mm. ; »!>»♦ «# 

The carbinol, prepared from metliyl fa-cbloro^benioate. had b.p. ia4-i26*/i8 
mm, (Found: C. 631: 63*4; M. 6*5 ; 6*2. Calc, lor C,M||OCI : C, 63*5; 
H, 6-5.) Dehydration occurs if the carbinol (1 1 gr.) is heated with acetic anhydride 
(14 g.) for forty-eight hours. B.p. 105*108*^/20 ram, (Found : C* 71*9 ; H, 6*0* 
Calc, for C^HXl ; C. 711 : H, 6*0.) 

* B.p, H4720 mm. Compare BOhal and Tiffeneau,* 
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c . 

P 

f. 

n». 

Pi- 

p,i. 

P. 

P %- 

J’a.,- 



/>-Bromo- 

a- methylstyrene 

.1 t =» 22 - 1 ^ C. 



0 

08759 

^•2793 

2*2414 

26*621 

26057 

— 

— 



0*01498 

0*8855 

2*3185 

2*2485 

27-508 

26*476 

85*82 

54*07 

31*7 

0-02 1 72 

0*88^ 

23504 

2*2509 

28 -hi 

26*649 

95*22 

53*25 

42*0 

0*02770 

0*8936 

2*3963 

2*2530 

28895 

26*803 

108*73 

5234 

56*4 

0*03503 

0*8984 

2*4039 

2*2560 

29*156 

26*991 

99-00 

52*74 

46*3 




44 09 (Average). 


1*45 D- 



1 Interaction between acetone (17 g ), magnesium (7 gr.) and p-dibromo- 
benxene {59 g.) (Bergmann. Bet., i93L gave the carbinol (44 g.) which 

could not be purified and therefore was heated with acetic anhydride (50 g.) for 
eight hours. The unsaturated product bf>iled at 58-60^/1*8 mm. ; « 1*5778. 

(hound : Br. 40*5 ; 40*3. Calc, for C^H^Br : Br - 40-6.) 

The Daniel Sieff Research Institute, 

Rehevot, Palestine. 


THE PHOTO REDUCTION OF FLUORESCENT 
SUBSTANCES BY VISIBLE LIGHT. 

By Joseph Weiss. 

Received Slh May, 1936. 

Photo-reduction has been used for preparative purposes in the well- 
known investigations of Ciamician and Silber ' to reduce various ketones 
in the presence of alcohols which arc themselves oxidised to the corres- 
ponding aldehydes. .According to a recent theoretical discussion,* this 
implies that tiie fluorescence of the ketones in the near ultraviolet is 
quenched by alcohols. 

Many fluorescent substances which absorb in the visible region can 
similarly be reduced by the action of (visible) light in the presence of 
inorganic reducing substances which quench the fluorescence. Some 
of these reactions have been discussed already in connection with the 
quenching effect,* but it should be pointed out that they can also be 
used for preparative purposes. The pholoreduction of various fluorescent 
dyesiuff,s has l>cen studied in detail* 

The reduction is carried out by irradiating a constantly stirred aqueous 
solution of the dyestutf containing FeSO* (about i molar) with the light 
of a powerful carton arc witli the exclusion of oxygen. The reaction, if 
made in neutral solution sc' that the ferric salt formed is hydrolysed and 
precipitated (as the basic salt), results in a quantitative reduction to the 
leuco-dye. By this mcth<xi the following dyestuffs were readily reduced : 
methylene blue, tliionine, brilliant-cresyl blue, eosin. uranine. 

With a slight adjustment of the conditions the present method could 
obviously be applied to the reduction of varit>us substances, but is practi- 
cally conflned to fluorescent compounds. The method has the advanta^ 
that the hydrogenation can be carried out at a low temperature and in 
practically neutral solution. 

1903. 1575 : 1910,43,945: tgoy, 40, 241$ ; 1911,44^1x80. 

* 1 . Weiss and H. Ftshgoid, Z. physth. Ckem., B, 193b, 3a, 135. 

• J. Weiss, Nature, 1933, *3*^* 794- 
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The essential processes can be described by the following scheme : 

[F* fluorescent substance] 

(a) light absorption F -f A*" F^ (excited molecule) 

(b) fluorescence F* F -f 

(emission) 

(c) photo-reduction F* 4- Fe++ F- -f Fe + ^^ ; 

(quenching) 

{d) re-oxidation F- + Fe^’^+ F -f- Fe^^ 

In the case of a two-step reduction, we have the 

(e) semiquinone equilibrium : 2F**;^F -f F*. 
and Anally the electroh’tic dissociation equilibria ; 

F- + FH 

F- + 

FH- FH, (reduced dyestuff) 

In acid solution w'here the Fe^-^^ ions formed in reaction (c) are not 
precipitated, when the irradiation ceases these dissolved Fe*** re-oxidise 
the leuco-dye fonned during illumination [reaction (<f)), and the colour 
re-appears. In this case we hav'c a rapidly established photochemical 
oxidation-reduction equilibrium. 

This effect can very easily be made visible (in the absence of oxygen) 
by irradiating a solution containing the fluorescent dyestuff tlnonine 
( ^ xo-‘ molar) FeSO, ( | molar) and H ,SO, ( ^ molar) looking through 
a layer of the solution not less than 30 mm. thick. 

Similar effects were described recently by v. Euler, Brandt and 
Hellstrom.* working with the system mcthylen blue — ethyl alcohol — ferrous 
salt, and by Weber.* 

From the theoretical discussion * it follows that the amount of photo- 
reduction increases with increasing light intensity, and that a high concen- 
tration of the reducing agent and a long (natur^) lifetime of the excited 
state of the fluorescent su^tance are favourable. The reaction is naturally 
not confined to ferrous salts, but may be carried out wtth other re- 
ducing substances, such as sulphites and sulphides.* 

In principle, every fluorescent substance can be rc<iuced by the in- 
fluence of light, in the presence of suitable reducing substances, reversibly 
or irreversibly. This photo- reduction is identical with the elementary 
process of quenching of fluorescence. The dyestuff molecule in the excited 
state (F*), which possesses an unoccupied electronic level (due to the 
excitation of one electron to a higher level) can take up an electron from 
a reducing (quenching) substance into this level (according to reaction c). 
In this way the excitation energy in effect increases the electron-affintty 
of the dyestuff molecule (F;. 

The importance of the photo- reduction by ferrous ions for the assimila- 
tion process of grc‘en plants (photo-reduction of carbon dioxide with the 
help of the dyestuff chlorophyll under the influence of sunlight) has been 
discussed previously,* and will be dealt with in detail in a paper to bo 
published shortly in the Journal of General Physiology. 

In conclusion I would like to thank Professor F. G. Donnan, F.R.S,, 
for his continuous help and encouragement. 

The Sir William Ramsay iMboraloriis of 
Inorganic and Physical Chemistry^ 

University College, 

London, W.C, i. 

1 . 1935. 23 . 794 * thid . 4 ^^- 

Cf. J. Weiss, %bid., Oio; J. Weiss and H. Fishgold, Nature, 1^36, IJ7, 71. 
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1. Linear Relationships between Chemical Free Energies. 

In a prev'ious communication ^ we have stated for the reaction velocity 
constant (A) 

k^lKv . . (I) 

where K is the equilibrium ronstani of the transition state and v the 
themta! velocity of the representative point along the reaction co- 
ordinate* Since variations in v arc small we can interpret the general 
empirical relationship.* 

log fe -=5: a log AT -f const. , , • (2) 

as relating to K in.<-tead of k 

l<»g K — a log K -r* const. . . • ( 3 ) 

Thus, equations of the type (2) are seen to be relationships between 
the free energy changes of chemically analogous reactions one of them 
l>cing an ordinarN' reaction, the other being represented by the passing 
of the system into the transition state. R7' log K is the free energ>^ 
change of the fonner, RT log K that of the latter reaction. 

As might be ex|HH:ted from this point of vnew, relationships of the 
typi^ (2} and (3) exist also between ordinary equilibrium constants of 
chemically an^ogous reactions. Evidence of this will be adduced in 
the present paper. 

Looking, as wc do, upon all thoc linear relationships vis lawr obtain- 
ing between the fm? energies of chemical reactions, we will try to give 
them a common explanation and, at tlie same time, will show that they 
can be further generalised and amplified.* 

• Tmm fat$idiiy Soc , 1935» 3 *» ^75 

• For a stmiiar equation see ff. EyrinR. J. Chem Physics. i<) 35 . 3 . 107 . 

Wynne-Jones and E>Yuig. /. Chtm' Pkysus. io 35 . 3 » 40.!. Such equations 
xapmeiit generaiiaations of the iransttiun state method in the form given by 
Wigocf and Pelaer {Z. physik. Ckem., B, 193^. 445 

• The beat known examples of this relationship have been found by Bromted 

(•ee C^k^fN. Rmf., 5, aji) for the dissociation constants of acids and bases 

and their catalytic activities. The ongins of this discovery go back to Snethla^ 
( 2 , Blekkrochem., 191a, iS, 539I who hmt showe<l the parallelism between acid 
■trength and catalytic action of acid molecules and to H. S. Taylor (Z. Efcciro- 
ckem., 1914, mh 30 t) who hmt related them quanlHatix^ly. More recently it 
has been recognised ^at Bidnsted^s law is an example of numerous relation- 
ships of the ty]^ 1 (see A. Ftumkin^Jkpkysik. Ckem..A. 1931, Ido* 116 ; Hammett 
CAstn. 1935, ly, 115, and the later part of this paper). 

*A pietiisdnary notto cd the kdlowmg consiaerations was published in 
N^ime, 193d, tjHf, 530. 
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2. Thermodynamics of the Transition State. Molecular Fields. 

The well-known laws of the thermodynamics of chemical reactions 
are : — 

The mass action law 

2 1 

log A' = 2 Vj, log log . . . (4) 

i i 

where the fs constitute state i and the /*s state 2 of the reaction. 

The reaction isochor 



2 ! 


where (the heat of reaction) v,(<, -f pv^) — + pv^). 

i i 

Kirchhoffs law 

( 6 , 

which also serves for the integration of (5t aiul finally the dependence of 
K upon hydrostatic pressure 



A less well-known thermodynamic equation which might Ik considered 
to be the generalisation of (7) is the law 



Here x some continuously variable parameter which can operate 
reversibly on the states i and 2, while and jS* represent the derivatives 
with respect to x energies of states (l) and (2) respectively. 

The proof equation of (8) is as follows : 

The free energy of a system of molecules each species behaving ideally 
is 

^ 

( 

where nt represents the number of gram molecules of species t, 


i J 

and the standard free energy of i gram molecule of i under standard 
condition of temperature and x where x includes hydrostatic pressure 
and all other possible parameters such as electric and magnetic hads* etc. 

-f xfii ^ TS^. 
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The condition for equilibrium = o 3 .t constant T and x leads to 
the expression : 

2 1 12 

log K, * * -=r 2] ~ 2 •'i log = ]^]E *“ **** 

i i J 

from which the general equation (8) follows immediately. 


A further law analogous to (6) is 

(~) - 

WX/T 


rz - yi» 


( 9 ) 


They must hold 


where y, and y* are the derivatives with respect to y of the heat con- 
tents of states (l) and (2) respectively. 

These law's remain valid if we substitute K for AT. 
to a high degree of approximation for the velocity constant k, since 
k^iKv and variations in v are small. We thus obtain from equation 
(5) the Arrhenius equation, and realise from (6) that temperature changes 
in the activation energ>' arise from a difference in the specihe heats of 
the initial and transition states.* 

We have discus.sed previously the derivation from equation (7) of 
the influence of hydrostatic pressure on reaction velocity. We have 
also outlined the application of e<|uiition 18) to a study of the influence 
of various changes of environment, in which the approximation 




Wiis u.sed. 


We will use here the mon* complete fonn 

log k ^ 

‘ Dy ^ AT ' * 


(8a) 


where represents the derivative with respect to y of the free energy 
of the transition state. 

The influence of the parameter y on the activation energy Q will 
be discussed on the luisis t»f an expression analogous to (9) 

^X ^X 




yi 


{9a) 


Since there is no restriction attached to the spatial extension of the 
field of y w‘c can assume the equations containing y to hold for the in- 
fluence of molecular fields operating on the reaction, in such cases, 
however, y c;mnol be inciisured directly and application will, therefore, 
always involve further hypothetical elements to be verified by ex- 
perience. Wc shall use this treatment with respect to the molecular 
fields of the solvent and also to deal with the effect of constitutional 
change in the reacting molecules. 

In treating molecular fields, we shall often cons ier a discontinuous 
teries of values of y and the application of our thermt dynamical equations 
implies that wc imagine a continuous variation of the molecular fields 
to be possible, changing one kind of compound continuoii.'^ly into another. 


3« Linear Relatloiialilpa with Continuoualy Changing Parameter. 

Cases in which y can be varied continuously are (1) when y represents 
the hydrostatic pressure ir, (2) when a change in y is brought about by 

*La Mcr, Pkysks, I933» ». • J' » 8$» 

*739* 
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a change in the electrode potential, and (3) a change in x caused by a 
continuous change in the nature of the solvent. Of these cases the only 
one which is applicable free from hypothesis with respect to x is realised 
when X = We have then equation (7) for equilibrium and 


7 ^ log k V,- Fr 
;> 7 r ^ RT 


. {7a) 


for reaction velocities. Integrating (7) and (7a) on the assumption 
that V I — F, and Kj — Ft are independent of x we obtain 

log K = 4- const . . . ( 10) 


log k = 4 const. 


(loa) 


We have discussed the experimental evidence for (iO<i) in our previous 
paper ; more recent measurements • on the influence of pressure on 
the reaction between acetic anhydride and ethylalcohol give additional 
confirmation of the logarithmic dependence of k on n. 

For higher prc'^sures the square terms in tr whose coefficients con- 
tain the compressibilities of the two states should b<.‘ introduced into 
equation ro and loa.^ In this paper we restrict ourselves to the linear 
terms in the integrated form of e<|uations (8) and (8a). Thus we have 

log A.' - -f const. . . . [I la) 

log k ^ + const. . . ■ {lib) 


The second example of a continuous variation of x realised when 
X is the electrode potential c. {lla} then become.s the Helmholu-Nemst 
equation in which {fij — jSj) is t/F and € is the equilibrium potential. 

On the other hand (ll^) takes on the fonn of tiie Tafers equation 
for the current t, passing in the direction I 2 as a function of the 
electrode potential €. 

log i, « a.{tlFRT) + const. i 

a = ‘ ' 

Equation.s (lo), (ii) and (|2) are examples of linear relationships 
between free energies in whivh the equilibrium constant on the left-hand 
side and the variable parameter multiplied by a constant on the right- 
hand side are different measures of the free energy. It is also clear that 
further relationships arise from a pair of equations (a) and (i) by clinun- 
ating X* doing this we will assume that the equations (a) and (i) 
refer to the same reaction. We have then 

log % log A', 4“ const . . - (U) 

where the subscript x indicates that this variable has the same value 
for both sides of the equation. We also obtain 


(« 4 ) 


. - P* - ^ 

*"^r=T, • • • 

and recognise that if the derivative of the free energy of the transition 
state Pt lies intcrmecUate between the derivatives referring to the 
initial and final sUtes, and /3,, we have « < i. 


• Prof. Roy. Soc., A, 1936* 684. 
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The influence of hydrostatic pressure on a reaction of the type 
A + B -> AB is an example of a case in which a < I. Here the volume 
of the transition state l^r might be expected to be intermediate between 
and In the more detailed discussion of our previous communica- 
tion we have also explained that Ft is only slightly greater than F,. 

The measurements of Perrin, Gibson and Williams • show^ that the 
equilibrium of the reaction methylbenzylaniline + allylbromide 
phenylbeiuylmethylallyl ammoniumbromide is changed by hydro- 
static pressure to a greater extent than is the velocity constant, in 
consequence of which hydrostatic pressure is found to decelerate the 
reverse reaction, which means a < 1. 

Our expectation that the value of Ft while lying between Fj and F, 
is much nearer to the latter value (a I) is borne out by the fact that 
the deceleration for the back reaction is only 1*5 fold for 3000 atm. 
increase in pressure, while for the forward reaction the acceleration is 
5 fold for the same pressure change. 

If for a reaction of this type the volumes Fj and Fj have been 

measured it can l>e predicted that — will be less than, but almost 

equal to (F, - F,)//?r. 

Bronsled’s treatment of the influence of electrolytes on reaction 
velocity which, as stated in our previous communication, represents 
one of the origins of the present theorv* can also be expressed in the 
form (»f equation (8a). Substituting the concentration c of an added 
electrolyte for x 


J log fC 


RT 


. (16) 


where {fii — jSj) now means the change of the logarithms of the activity 
coefficients /of the states (l) and (2) with change in concentration. 

ft - - 

Again the equilibrium constant may refer to the equilibrium between 
the initial and final states of the reaction or betw’een the initial and 

transition states ; in which case, ^t — — where /» is equivalent 

to the activity coefficient of the “ active complex ’’ which Bronsted 
assumes. If ^j, jj, and fir are good constants we have for the integrated 
forms of (t6) 

log K ^ + const. 


log k 


RT 

RT 


c + const. 


From which, by the elimination of e, an equation of the form (2) can 
be obtained. 

Similar equations might be suggested for the addition of non- 
electrolytes, or the progressive replacement of the solvent by another, 
perfectly miscsbk solvent. 
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4. Linear Relationships Accompanying Structural Changes 
and Series of Different Solvents. 


Consider a series of chemical equilibria, a set of reactions which 
are closely related chemically, e.g., the hydrolytic equilibria of the 
different substituted phenyl acetates. We assume that the series of 
equilibrium constants AT* . . . . . . arises according to equation 

{Sa) by a steadily changing parameter x which assumes successive values 
Xi» Xa. • • • X/ • • • 

At this stage we leave the nature of x undefined, nor can we say 
what the physical meaning of the corresponding values of may be. 
We only wish to show that these considerations lead to an explanation 
of the linear relationships mentioned in Section I. For this purpose 
we extend the argument to a second series of reactions chemically re- 
lated to the first. 

Consider, for example, the equilibrium constants of the substituted 
phenyl acetates and of the same substituted series of benzoyl acetates. 
If the equilibrium constants for members of the first series are 
ATj^ . . . . . . and for the second series A'*** . . . 

and moreover if we make the essential assumption that 


= 

Xi Xt 

W'hcre ^ is a constant, we obtain 





where 


log AT, A =: a log 4“ consi. (i ^ i, 


(17) 


This argument can be extended to two series of the vehnily constants 
of closely related series by using equation (iih ) ; we thus obtain 

log A/ = a log 4- const, (i — i, 2, . . . ; » , . {18) 


wdiere 


CL ^ ^ 


0 , - 


and a third type of linear relationship is derived from the combination 
of a series of equilibrium constants with a series of reaction velocity 
constants. 

log = a log 4- const, (i ~ i, 2 , . . . j . . .) . (19) 

We cannot as yet test the expressions for a but we enumerate the main 
cases conforming to equations (17) to (19). 

An example of the type expres.sed in equation (17) is given by 
Burkhardt, Ford and Singleton ^ where AT/ represents the dissociation 
constants of a series of substituted phenyl acetic acids and the A|® the 
dissociation constants of the same series of benzoic acids. 

Linear relationships of the type (18) can also be inferred from that 
given by Burkhardt, F'ord and Singleton, since the logarithms of the 
velocity constants of the following reactions all give linear relationships 
with respect to the logarithms of the dissociation constants of the cor* 
responding benzoic acids : acid catalysed hydrolysis of the substituted 


’ Chem, Soc., 1936, p. 17. 
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potassium phenylsulphates, alkaline hydrolysis of the corresponding 
benzamides, alkaline hydrolysis of the corresponding ethylbenzoates, 
hydrolysis of the corresponding benzylchlorides by aqueous alcohol, 
alkaline hydrolysis of the corresponding ethylcinnamatcs, bromination 
of the corresponding acetophenones and the reaction 




for corresponding groups X. 

E<|uation (19) expresses Brdn^ted’s law to which wc have referred 
in the first section. As another example, Dimrotli ® related the velocity 
constants of oxidatioti of a series of hydroquinoncs to the equilibrium 
constants of the corresponding quinune-hydroquinonc reaction. Further 
cases have been found by Hammeri and the results of Biirkhardt, Ford 
and Singleton ’ to whi di w<* havv just referred also conform to equation 

If, in equation (iQ), k and K refer to the same reaction we obtain a 
special case similar to tliat desi ribed by equation (13) for the variations 
of a continuous parameter We have shown l>y the example of hy^dro- 

I t 1 ^ ^ l<5g A" 

pressure that the rel ilionship between — — and — 


static 






referring tc» the '-ame reaition found to be considerably simplified, 
when the mechanism of the reaction such that has a value inter- 
mediate between fii and au<l hence a < I. 

Tlic condition a < i has been found in various other important cases. 
It has been much discus>e(i as a feature of TafeKs equation governing 
the rate of electrolytic evolution of hydrogen and other electrode pro- 
cesses, and has Iwen f(»und in acid-base catalysis (Bronsted) as \eeU 
as in other proton transfers «uch as hydroquinone reduction (Dimroth). 

Following on the lines of theory of ionogenic processes developed 
by Ogg and Folanyi,* an outline 01 the mechanism of such proton trans* 
fers was given by Horiuti and Potanyi which led to an explanation of 
a < I on the asMimption tiiat n‘actum rate is completely determined 
by the energies of the tninsition state. The identification of energy*^ 
anti free energy implied in thi" treatment would be correct at the 
absolute zeni of temperature only, and otherwise requires qualifications 
wdiich are discussed in Section 10 l>elo\v. 

At the moment we onh wish to re.state in thermodynamical terms the 
main conception of the theory. If a parameter ;( operating on a reaction 

AB -f T = A + BC 


the influence of x restricted to ofie of the two bonds involved, the con* 
dition that fit is intermediate between fii and fi^ will be fulfilled, and wc 
have a < 1 provided that x approximately constant over the range 
of elongations occurring in the affected bondA^ Variation of the 


•/. Chtmie, 1033 . 4 ^. 57 * 

* Froc. Manchester LU. Phil, Soc , I033~34‘ 7®» 4* ^ Trans, Faraday Soc,, 
*935. 3«* ho4 : ibtd,, 1035. 1375 

jicia Fhysict) Ckemica, U.S.S /?., 1935, 5 <> 5 * 

“ It is essential that the reaction should be of the “ electron switch type* 
i.e. involving a change in electronic structure such as the formation of tons or 
a change in the valence of one or more of the reacting partners. In the neit 
paper of this series we wiU show that reactions in w^htch changes of this type 
occur* affecting a number of electrons* generally lead to a small perturbataon 
energy^ in the transition state. (Sec Trans. Faraday Sw.* 1935* 3 *» * 375 -) 
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chemical nature of A or of C alone will generally fulfil these requircmcntsf 
attached to Xt while chemical modification of B will fail to do so. 

A discontinuous series of x’s can be represented by a series of solvents. 
Such series may conform to the linear relationships set out above. Thus, 
equation (17) has been found to hold by Wynne- Jones ** for the equi- 
librium constants of the reactions 

A|H “f" ~ AjH 

which he describes as the relative dissociation constants of the acids 
AjH and AjH ; the linear dependency of such equilibrium constants 
on the reciprocal of the dielectric constants of the solvent implies a 
linear relationship between the equilibrium constants. We shall dis- 
cuss the relation to the dielectric constant at a later stage. 

Dimroth provides evidence as to the changes in velocity and equi- 
librium constants for a reaction occurring in a series of .solvents. 
Although these data do not comply quantitatively with equation (19) 
they definitely show a close parallelism of log K and log k. Here again 
the variations of log k are smaller than the variations of log K, thus 
corresponding to a < I. Thus, it is apparent that the changes of 
solubility of the transition state from solvent to solvent are intermediate 
between those of the initial and final states. 

Soper has observed that reactions in which hetero|>olar substances 
are formed are promoted by solvents of a hcteropolar nature. Soper*s 
rule becomes understandable if we again assume that the changes in 
solubility of the transition are intermediate between those of the initial 
and final states, so that the solubility of the transition state increases 
w^ith that of the final state.* 


5. Linear Relationships Including Heat Changes. 


In equations (9) and (9a) we. gave the expression for the influence 
of changes of the parameter x on the heat of reaction, and the activation 
energy. 

Equations (9) and (9^) give on integration, assuming that y* — Vi 
and — yi are constants with respect to x 


and 


fi = irt — ri)x + \ 

rOx + 


(20) 


and by eliminating x we have 


Q « a// + const. 

« “ (yi - y.)/(yi - yi)- 


If X >s the hydrostatic pressure n then 

- + ir. - rj 

„ - „ = - + (K. - K,). 

> 40 # 440. 

^* Lted . Ann ., 1910, 377, 128. 

Soper and collaboraton ; J. Ckem, $oc.^ 1929. 1873 : 1931, 2297 ; Froe. 
i933r 14a, 58. 7* : »934» >44* ^43* 

The relationshipei between soiubilitiee and chemical free eneffiea are de» 
tailed in Section 0, 
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For the change in heat of reaction with pressure we require not only 
the volume of the initial and final states but also their expansion coeffi- 
cients; while for the change in activation energy it is necessary to know 
the volume and expansion coefficient of the transition state. One might 

expect between the values for the initial and final states, 

in analogy to the position of Vx between Fj and discussed in Section 3. 

If we compare the activation energy and the reaction velocity 
constant at constant values of the parameter x 


Rf 


= a log Ajjj + const. ^ 


where 
For = ir 


_ Yi — yt 


a = 


1 — 


T ( Wx- 
y,-Vx\ n 



If the effect of a paramel(^r, eg., of the hydrostatic pressure on reaction 
rate \vcr<‘ restricted to changes of the artivation energy, we w’ould have 
a — 1. Our expression for a show< that there is no reason to assume 
that this should be generally true. \Vc shall see in Section 9 that a — I 
at absolute xero only. 

By eliminating x ftom equations (ila), (20) and (2l) we ob- 

tain linear relationships between the heat of reaction, the activation 
energy, the logarithm of the equilibrium constant and the logarithm 
of the velocity constant ot the same reaction for constant values of 
X ; A conclusion which can most easily be verified for x = the hydro- 


static pressure. 

To consider tiistoniiiuious clianges in the parameter we assume that 
//j^ . . are a series of heats of reaction for a reaction 

of the type A arising from the influence of a steadily changing parameter, 
when X values Xn Xi • • Xi • • • • 

are the heats of reactiem for an analogous reaction of type B when x 
h.ts the same values Xn Xt • • X> ♦ • * • making the assump- 
tion that the intlueme of x types A and B is of the form 


Xl - *** - 
(9) and (20) 


Xt 


f// = -f const. I == 1 , 2, 


(y, - y, i^ 
Uxi - rtf 


-- cons/. — q, wc obtain from equations 


H 




(21) 


The extensions of this expression are 

Qi*‘ = «I2<® + ' 


I, 


CL ^ q 


kLZlV!l^ 


I, . . . j . . -j 


( 22 ) 

'{y» -y.P 

j^lating the activation energies of the members of the two series A and B. 
ttH^ + const. »■ =» I, 2, . . . ; . . ."I 

I'y* — irxi 
CL ‘ 




Vi 




m 


46 
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relating the activation energy and the heat of reaction. A special case 
of this is where A and B refer to the same reaction, when as before we 

may assume == = . . . = . . . i then a = ^ ^ ; 

xi xi , .xr . yi-Vf 

in the special cases where lies intermediate between yi and y,, a will 
be < I. 

By combining equations (21), (22) and (23) for special values of 
the parameter x with those arising from (8) and (8a) for the same values 
of the parameter x = Xii X* • • • Xi • following set 

of linear relationships between chemical free energies and heat changes 
in chemical reactions : 


RT 


= a log + const. 


a 


q 


i vt - 

(Pi - P»)^ 


(24) 


relating the heat of reaction and the eqtnlibrinrn constant ; 

— a log -t- 

a _ j (y» - 

relating the activation energy- and the velocity constant; 

OA 

— = a log K^^ -f const. 

» - Jy» ~ y» )* 

relating the activation energies and the equilibrium constant ; 

H ^ 

— a log + const. 

- _ J yi - yt )* 

^^(Px-W 


■ (25) 


. (26) 


(27) 


relating the heat of reaction and the velocity constant. 

From the work of Wynne-Jones ** we have so far only adduced the 
linear relationship between the logarithms of the equilibrium constants 
for the reaction A|H + A,*~ A,H 4* A|^. He also found that 
log A' = a ijD const., where D is the dielectric constant of the 
medium. This result conforms with equation (24), since there is no 
other way of interpreting the observed influence of the dielectric con- 
stant than to set I jD oc //, i.e. the difference in solution energies of a 
pair of anions Aj and Ag mu.st be proportional to l/D, This interpreta* 
tion is implied in the original discussions by Wynne- Jones and in the 
modified treatment given by Wootten and Hammett.^* The results 
of Wynne-Jones naturally also conform to equation (21) which follows 
from (17) and {24). Further evidence with respect to equation {24) 
will be given in the next section which deals with the equilibria of solvents 
and solutes. 

An indication of the validity of equation (27) is given by the evidence 


Amer. Ckem. Soc., 1935 , 
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which has been put forward in support of the theorem of Ogg and 
Polanyi requiring a parallelism between reaction heat and reaction 
velocity. Quantitative data are, however, lacking for its exact veri- 
fication ; this should also include a test of equation (23), which is the 
original form in which the theorem was obtained from considerations 
of the reaction mechanism (compare Section ll). 

Equation (25) might at first sight appear trivial since it necessarily 
bolds in so far as the collision number is invariant. In many cases 
which we wish to consider the collision number is far from constant 
and yet, as we shall sec, equation (25) holds. To bring this out it might 
be preferable to substitute for (25) an equivalent expression which 
refers explicitly to the change in collision number. We do this first 
with reference to the general case of equilibrium constants and heats 
of reaction and then make the special application to velocity constants 
and activation energies. 

By combining equations (8a) and (9a) we obtain 


— Pt) + (Yt — yi)- 


HiRT log K + H) 

If fil, Yi and y* are constant with respect to x 

RT log K + H + const, 

setting - yi) == S, and - y,) = Br 

By eliminating x from (28) and (20) we obtain 

RT log K H — oJi + const. 

w *1 - 81 

where a = -* 

Yt — Yi 

For discontinuous values of the parameter wc have 


=*^log A'/ 4 - 


(» = 2, 


. (38) 

. (38) 

• (29) 


; • • •). (30) 


where A and B represent two types of chemically analogous reactions. 

Wc arc only interested at the moment in the form of (30) relating to 
equation (25), *.e. to reaction velocities and activ’ation energies ; 




^ log 


+ const, (1 


h 2 





(31) 


where both in equations (30) and {31) we have assumed 






and in {31) tlic symbol s b used to represent the entropy change between 
the initial and transition states. 

Equation (31) is to some extent supported by the results of Olivier** 
for the hydrolysis of the substituted benzylchlorides by aqueous idcohol 


Tw. Chim., 10 ^ 3 . 4*. 775 : *9*7. 4*. ***9. 
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which we have plotted in Fig. 



I and also the work of Burkhardt, Ford 
and Singleton ^ on the acid catalysed 
hydrolysis of the substituted phenyl 
sulphates. It is significant that both 
these reactions also follow the linear 
relationship ( 19 ) which has been de- 
duced from the same assumptions. 
The joint verification of the two 
linear relationships tends to support 
the assumptions on wdiich they are 
both based. 

Equation (26) is already verified 
by the fact that both equation (19) 
and (25) are obeyed by the same 
scries of substances, since from (19) 
and (25) we obtain (20) by express- 
ing log k in terms of log K, 


6. Relationship between Entropies and Heats of Solution. 

We have reserved for a special discussiun the relationship lK»twcen 
the equilibria of solutes in different solvents. From the cxperinientid 
data given in literature we have found that in this field there is linear 
relationship between entroj^y and heat of solution. 

If //j^ . . . /// . . . are the heats of solution of substance 

A in a series of .solvents i i, 2. . and 

. . . arc the corresponding equilibrium Konstant*- tnr the solution 
process we obtain in a manner similar to that in Section 5 
// ^ 

a log -f rerwj/. (1 =1,2 


R7' 


^ Yi -T t)* 

/y,. 


Similarly, if 
stances A, B ... F ... in the solvent i ami 
the corresponding equilibrium constants then 


ire the heats of solution of sub- 




Ai 


RT 


a log A'p' 4- (wsl. {F A, B, 




We can write these equations in the font, of eqiiaiioti ( 30 ) Mating 
entropy and fieat changes 

V 

R 


const. 


(y.-yy 


( 3 a) 


» = 1, 2, 


P - A, B, 


r . . . while A is constant and 

sa *F COHSi^ 

yS* 

while i is constant. 


( 33 ) 
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In Table I. we have listed the heats and entropies of solution for 
a number of solutes for each of which the solubilities and heats of solu- 



ATCmi 

l‘ic. 2. — Key /e St.^Iuies - j. licnzoyl chloride; 2. Nitrobenzene: 3. Benzene; 
4. Ethylene ; 5 Phrrvol : (» (••Nitrophenol ; 7 o-Chloroacetic acid ; 8. Naph- 
thalene ; 9, ••i-Omilrobt'nzene ; lo. Acenaphthene ; 1 1 , Phenanthrene ; 
Oinitrt)benzene ; 13 Fluorene ; 14. Benzoic acid; 15. p -Dinitrobenzene ; 
sh and 17, Carbazole 


lion have been 
determined in 
various solvent. 
The data com- 
prise all the nuM- 
surements known 
to us. The heat 
and entropy 
changes are mea- 
sared with the 
solute in its 
normal solid state 
as zero. In the 
last column itic 
ratio of entropy 
and heat is given. 
With the excep- 
tions of anthra- 
cene and car- 
bazole the linear 
relationship (32) 
as expressed by a 
constant value 


p Xttt 


fit 

RT 


and c in 


the equation 

g wa + r 


TABLE I . — {SjR pH -r C for Various Solutes.) 



* Benzoic Acid. 

P - 5*43 


(//* ~ 15,270, 5* = 
10-^. C =c. 0-057.) 


9^03, 


.Vrt^liydroxy l>enzaldehyde 
Carbon tetrachloride 
Naphthalene 
Nitrobenzene 
Benzil 
Ihperonal 
Acetic acid 
Acetophenone 
*>Chloroacetic acid 

m* and p-Chlorobenzoic acid 
Cinnamic acid 

Naphthalene. {H* ==- 

p « 6 -i 6 X 10 *^ 

Acetone . 

Ethyl ether 
Ethyl acetate . 

Carbon tetrachloride 
Ethylene dibromtde. 
l^yridinc 
l>ichloroethaAe 
Chloroform 

• Solutes are set in heavy type at the top of each table of 
solvents. 


. 1 

7260 

4030 

3-998 

- I 

7140 

3-955 

3-836 

• i 

5740 

3- 1 82 

3 177 

♦ , 5510 

3-055 

3-055 

• i 3*70 

2-365 

2*8^ 

! 4600 

2589 

2*589 

. j 4420 

2 450 

2*457 

• 43 <»o 

2*420 

2-424 

4240 

2-357 

2-357 

• } 4^30 

2-290 

2*319 

• 1 39 ^ 

2-209 

2*ai7 

I 5 f^. 5 * 

10*75 


. c 

at 0-016.) 


. 

5660 

3 - 5*3 

3-503 


5370 

3-326 

3-326 


53*0 

3^282 

3295 

. 

5100 

3 -t 59 

3-159 


4420 

2-739 

2*739 


43S0 

2 - 7*7 

2*727 


43 ^ 

2*702 

2*703 

- 

4200 

2598 

2^5 
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TABLE l.-^ontinusd. 


Solvent. 


Phenanthrene. 

P = 5‘84 > 

Carbon disulphide . 
Ethyl acetate . 

Carbon tetrachloride 
Acetone . 

Ethyl ether 
Pyridine 
Chloroform 
Tetrachloroethane . 

o-Dinitro benseiie. 

Benzene . 

Phenanthrene . 
Acenaphthene 
Naphthalene . 

2-4-6 Trinitrotoluene 
i*3’5- Trinitrobcnzcne 
2-4 Dinitrotoluene , 
m-0initrobenzene 
Fluorene . 

/f-Naphthylaminel . 
oe-Naphthylainine/ . 



Qalt./iool. 

SIR , 

S(R 

cclc. 

(H* =* 18,000. 12*09, 

io“\ c =« 0*0x6. ) 


6090 

3*767 

y$bt 


5930 

3*534 

3-47<> 


5620 

3*309 

3'000 


52S0 

3096 

3096 


5170 

2*968 

3-036 


4260 

2*502 

a-50* 


38S0 

2*280 

2*281 


3660 

2*152 

2*155 

(p = 5*34 X «<>■* 

, C « 0 * 102 .) 

« 

8000 

4*492 

4-44» 


6230 

3*5»5 

34«* 


5740 

3*63 

3 iio 


5570 

3**35 

3128 


5470 

3068 

3075 


5420 

3*041 

3044 


5390 

3*030 

3031 


5370 

3016 

3*021 

1 

5320 

2*987 

2*993 

« . ) 
• 1 

497» 

2*790 

2*803 


Baatene. (//• « 10.560, S* « 10*33, 


p =« 7*84 X xo 

Phenol . . . . . 

Nitrobenzene . , , . 

Diphenylamine 
Benzoylchloride 

2-4, 2-6 and 3-4 Dinitrotoluene , 
m-Dinitroben zene 
o- w- and />-Bromonitrobenzene 
Nitrobenzylchloride . 

Pyridine .... 
0-. m- and ^-Chloronitrobeozene 
Bromoform .... 
Dibromoethane 

Paraldehyde .... 
Dichloroethane 

Camphene . , . . 


C as 0*000.) 


6570 

5160 

3100 

2 432 

2930 

2*31 4 

2790 

2* 189 

2750 

2*155 

2750 

2155 

2750 

2152 

2720 

2*124 

2710 

2*124 

2680 

i 2 *199 

2590 

2 *028 

2500 

1*959 

2360 

1*849 

2380 

1*798 

2120 

1*662 


AccnaphtlioiMi, 

Acetone . 

Aniline . 

Carbon tetrachloride 
Pyndine 
o-Dinitrobenzene 
Carbon disulphide , 
Nitrobenzene . 
Toluene 
Dinitrobenzene 
Indene . 
Chlorobenzene 
Fluorene , 

Chloroform 
Bromoace naphthene 
Chloroacenaphthene 
lodoacenaphthene . 


(p «« 5 87 X 10**. c 



9060 

5*390 


7910 

4*700 


6640 

3*945 


6570 

5W 

3'88x 

3*468 


5660 

3*362 


5470 

3*246 


5440 

3*233 


5340 

3*188 


5230 

3*121 


5220 

3*098 

• 

4990 

2*961 

- 

4850 

2*880 

• 

4770 

2*859 

4750 

2*843 

3400 

2*2x4 


5* 50 
^•431 
2 *21)3 

2* 1 55 

2 155 

2 ^55 
2127 
2*124 
2*09^ 
2*030 
I-w 

1*849 

1*860 

1*662 


0*040.) 

5*36 
4*69 
3*94 


3*90 

345 

339 

3*248 

3232 

3*U7 

3*121 

3*107 

2*967 

2*SBo 

2*841 

2*831 

2*039 


is obeyed ex- 
tremely well. The 
data for carbazole 
appear to lie on 
two straight lines 
of equal slope 
which cover differ- 
ent regions of the 
energy and en- 
tropy scales. Fig. 
2 gives a general 
survey of the re- 
sults listed in the 
tables. 

Table II. com- 
prises the heat and 
entropy changes 
of a series of 
solutes in the 
same solvent. In 
this case all the 
changes are mea- 
sured taking the 
solutes under 
standard condi- 
tions in the va- 
pour .state iis the 
zero energ)” and 
entropy. The 
scope of validity 
of equation (33) 
which applies to 
this case has been 
found to be 
limited to solulc.s 
which belong to 
the same chemical 
group. Table II. 
does not contain 
all the available 
material, but only 
a selection of data 
referring to such 
groups. 

TTic narrow'cr 
range of validity 

(33) indicates 
that variations of 
the solute cannot 
generally be re- 
garded as changes 
in a parameter 
with respect to 
which the deriva- 
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tives of free 
energy and 
energy are con- 
stant. In other 
words, while in 
accordance with 
equation (32), 
solubility is found 
to be a unique 
function of solu- 
tion heat for a 
given solute in 
varying solvents, 
this is not gener- 
ally so for differ- 
ent solutes in the 
same solvent. 
Thus it appears 
that the pluuse 
volume of differ- 
ent solutes is 
different in the 
same solvent, 
even if the heat 
of solution is the 
same, whereas 
equal heats are 
accompanied by 
equal phase 
volumes if a sub- 
stance is dis- 
solved in differ- 
ent solvents. 

The following 
conclusion seems 
intcrc*sting : con- 
sidering the dis- 
tribution of a 
solute between its 
vapour phase 
and its solutions 
in various sol- 
vents, i.e, the 
solubility of the 
vapour in these 
solvents, re- 
alise that the 
thermo -neutral 
solubility of the 
vapour which 
would arise if tlic 
intermolecuiar 
forces between 
solute and solvent 
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Solvent. 


Garbazole. 

Pyrogallol 

He.sorcinol 

Catechol 

/>-Nitrophenol 

a-Naphthol 

w-N’itrophenol 

^•Naphthol 

Cl>rysine 

o-Nitrophcnol . 

Nitrobenzene . 


(> 4 57 X 10- 

Carbon tetrachloride 
Carlxjn disulphide 
Acetic acid 

.Acetone .... 

Nitrobenzene. ( H ^ 

P 779 X 

I'hcnol . 

Benzoyl chloride 
l^nzene . 

and p Nitraniline 
Naphthalene . 



H 

caift./mol. 

S/R. 

SIR 

calc. 

ip =-- 4-57 X 10--, c = 

— 0*221.) 

. 

1420 

6-047 

6-219 


1220 

5-227 

5*339 

. . . 

1030 

4*427 

4*479 

. 

8240 

3-54 1 

3*547 


7110 

3059 

3-936 

. 

7900 

3*395 

3*397 

. . 7960 1 

3*439 

3*420 

. j 6800 1 

2-873 

2-889 

6540 j 

2-807 

2-768 

• 1 5740 i 

2-397 

2-402 


— 1 - 000 .) 


1 7320 

2-406 

1 9580 

r -972 

6090 

1-780 

1 2960 

9*595 


14.490, S* = 10-96, 


10 -^. C 0 * 022 .) 

. ; 3660 

2-871 

• i 3339 

2 -608 

• 1 3140 

2-481 

• 1 3149 

2-477 

* ■ 3 M 9 

2-477 


2-40 

2*10 

1-78 

0*35 


2*872 

2-619 

2-469 

2-469 

2*469 


o-Nitrophenol. = 6 96 x lo-*, 0-042.) 


/>-Nttr<)phenoi . . . . j 

5080 

3*470 

3*498 

.Naphthalene . . . . j 

5000 

3*442 

3*449 

m* Xitro phenol , . . . ; 

4900 

3*389 

3-369 

^•.Naphthalylamine . . . i 

4810 

3 * 3*9 

3*397 

z-Naphthylamine . . . | 

4460 

3-072 

3-960 

P'Toluidme . . . . j 

4300 

2*953 

2*957 

l*icric acid . . . . | 

4270 

2*934 

2*934 

p-Dinltrobeozene. (p ^ 413 x io-'\ 

C = 0-472.) 

Fluorene- . . . . 1 

6170 

3033 

3-023 

Anthracene . . . I 

5990 

2-905 

2-9x2 

Acenaphthene . . . ' 

5719 

2-824 

2-732 

m-Dinitrobenxene. (p 5-94 x io~* 

C =e 0-050}. 

Acetanilide 

5500 

3*397 

3-292 

Benzene . . . . , 

4919 

2*921 

2-949 

1-3*5 Trinitrobenzene 

4390 

2-588 

2-588 

2*4 Dinitrotoluene . 

4190 

2*524 

2 - 5*8 

<>* Din i troben zene 

4959 

2-438 

2-433 

Hcric acid . . . . j 

3959 

2*372 

2*374 

Fluorene. 

4220 

2-547 

2-557 


a-chloroacetlc 

a-, m- and />-crcsol 
Salol 

e-Toluic acid . 
I^enol . 
iienzotc acid . 
fft- and ^-Toluic acid 
Cinnamic ^id 
Crotonic acid . 
Phenyl acetic acid 
Acetic acid 


(p 6-55 X 10“*, c 0-017.) 



5760 

3748 


5479 

3*562 


5060 

3*211 


4980 

3*257 


4849 

3 M 2 


4720 

y ^77 


4390 

2-866 


3980 1 

2-598 


3860 

2523 

• 

5590 

2*284 


3757 

3-565 

3-299 

3*^45 

3148 

3*677 

2-862 

2-591 

2-512 

2276 
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TABLE I. — Continusd. 


H 


Bensoyl chloride. 

Nitrobenzene . 
Diphenyl 
Benzene . 

^-Xylene 

Diphenylmethanc 

Mesitylene 

Chlorobenzene 


8'06 X lo-^. c 


0*023.) 


could be annulled, 
would be equal 
for any solute in 
all solvents^ but 
equal only for a 
group of chemi- 
cally related sol- 
utes when com- 
pared in the same 
solvent. 


, c 0*466.) 
^•707 I 2*753 


2*078 5 2 072 


Chlorobenzene . 1 3480 ) 2*790 | 2*786 7 . Collision 

Ethylene dibromide. [p «= 6*05 x 10 ^ c « 0*466.) Solutton* 

6-Bromotoluene . . | 3790 i 2 7(»7 1 2*753 

Paraldehyde . . . .1 2980 j 2*304 j 2*2f>8 In our previ- 

^‘Xylene . , . j 2800 2*163 | ous paper we have 

Benzene ! 2760 2128 1 2*137 nut thaf 

Diphenylamine . . .1 27^*0 2*128 2*137 ptlt that 

Naphthalene , . . .j 2730 12*113! 2*117 h generalisation of 

Wigner’s method 

Phenol. (//• 14.590. 5 * - 11*32, p 6*92 y 10 •. of ca. culating 

> •* colliRion num- 

BenMne. . . .1 3070 ■ i f *135 l>ers " yields 

Acetic acid . - .1 2980 j 2*078 \ t oyz 

Nitrobenzene . . . ’ 2580 1795 j k =.= JA't. 

a-Chloracetic acid , . . 2470 j 1*708 1*718 , 

m- Hydroxy ben zaldehyde . . 2190 \ 1525 \ 1*526 ^he equili- 

brium constant K 

Flnorene. ip « 5*63 x 10 * r r- 0*006 ) l>elwcen the ini- 

Acetone t 7290 j 4*078 | 4 *«k^» lial «!tate and the 

C^arten tetrachloride . 6100 | 3'44« 3 437 transition state 

l^wine . . , . . 5480 j 3 <K7 I 3 087 I calculated 

Benzene , . . ; 5380 1 3*031 ! 3 031 , lainiiaieo 

Toluene . , . j 5380 j 3031 3031 ** atomic 

Xylene . . . | 5380 j 3*031 j 3*031 motiel of both 

Aniline ( 5320 3 808 j 3 ck» 2 jjtates is com- 

Nitrobenzene . . . . | 5100 2*880 2*874 bn own 

Chlorobenzene . . . i 5050 2*851 2*846 Kno^n, 

Indene j 5010 2-826 2*826 ‘O** solutions the 

t)-DinitTobenzene . : 4800 2*723 2-7041 atomic model 

Acen^aphthene . . . ^ 4440 2-507 2*5o^> should include 

Naphthalene . . . ; 4320 2 * 43 « «* 43 « structure of 

2-4-IhnJtraphcnol . . < 4190 2*366 a-3()4> sirutiurc m 

m-DinitrophenoI .. . ; 41^ 2*236 2-346 the solvent sheath 

I in both states. 

Since our know- 
ledge of the structure of solutions is as yet insufficient to enable us to 
calculate the en- 
tropy changes in TABLE II, 

the solvent sheath (,* - 4-«.5 x .o- . -» r,^.) 

we have adopted ^ ^ 

the method of cal- t ## i s/jp 

dilating first the aiL 

collision number in - — — — — 

the gas phase and Benzoic acid .... 9750 5*98 6*13 

then relating it o-Nitramline .... 12650 7*22 7*30 

through the en- w-Nitranilme .... 15100 8-44 8*29 

tropics of solution .... 17300 9*18 936 

of the reactants and — 


Toluene- 
Xylene . 

Aniline . 
Nitrobenzene . 
Chlorobenzene 
Indene 

o-l H nitrobenzene 

Acenaphthene 

Naphthalene 

2-4“I>initraphenol 

m-DiniUophenoI 


j 4*078 j 4*«K2C» 

I i'44^^ 3-4J7 

3*<K7 J 3-087 
3*031 3031 

! 3 3 031 

? .3-^3* j 3^3* 

3808 1 3CK»2 

2*880 2*874 

2*851 2*846 

2*826 2*826 

2*723 2-7o4> 

2-507 2*50t> 

a*43« 

2*366 a*3()4> 

2*236 j 2-346 


Nitrobenaoiie. 


TABLE II, 

(p' « 4-05 X 10-^, c 


Benzoic acid 
o-Nitraniline 
m-Nitraniline 


1 

S/Jt. 


9750 

y9^ 

613 

12650 

! 7*22 

7-30 

15100 

i ^ 44 

#•39 

17300 

i 9 «» 

1 

9.»fe 
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the transition state to the collision number in solution. This procedure 
has shown that the ** slowness ” of many reactions which has been noted 
by Moclwyn*Hughes and Hinshelwood can be accounted for in the 
cases of association reactions by the smallness of the collision factor of 
these reactions calculated for the gas phase. This conclusion has re- 
ceived support by the observations of Wassermann ^ that a number of 
association reactions have the same abnormally low collision number in 
the gas phase as they have in solution. 

The large variations which are known to occur in the collision number 
when reactions are measured in different solvents and also under the 
influence of hydrostatic pressure, show that the collision number in 
solution and in the gas phase cannot in general be the same. 

In this Section we wish to deal with the influence of solution on the 
collision number which we assume to be knowm for the gas phase, by 
extending the argument given on this subject in our previous paj>er. 

If K' represents the equilibrium constant in solution and K the 
equilibrium constant in the gas ])h;ise we have for the reaction A + B C 


A"' == A 




where X|, and are the solubilities of the vapours A, B and C. Or, 
for equilibrium constants of the transition state 


K' 


x.x 


A^B 


where is the solubility of the transition state, and with the approxima- 
tion that V is n(»t intluenced by the presence of the solvent 


k* - k- 


XlX 




in the terms used in this paper we write 

log * = log fe ^ T + jiT R 

logZ' = logZ + |-^^--| 
where (2 + /ft **“ f^A ““ 

where Z* and Z are the collision numbers in solution and in the gas 
phase respectively. 

For a numerical comparison of Z' and Z w‘e introduce the unit of 
mol. /litre both for the gas phase and solution* we have then 

log -g- — “““ '^A • • (34^) 

where M and A are the molecular weight and the density of the solvent* 
If S* and are the entropy of solution and the entropy of vaporisation 
of the solid solute (344) becomes 

Iogf»;i{{S/-5/)-(S*,«-V)-{V- V)}-log('-^ io’) (34^) 


Ck^m, Soc., 193a, p. a3o. 


Wasseraann* Nmimm, 1936, 497* 
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The tables given in the previous Section provide ample material to 
discuss the possible variations of Z*\Z if we assume that the substances 
A, B and the transition complex behave in a manner similar to the 
substances listed there. Taking benzene as a substance representative 
of a wide range of heats and entropies of solution we might assume for 
the moment that A, B and the complex all behave like benzene. From 
the values given in the table and the entropy of evaporation of benzene 
we calculate for two solvents taken from the extremes of the complete 
range, viz., bromoform and phenol the values S//? = 8*38 and 5*18 
lespectively. Introducing 



we obtain Z* IZ = i-2 x lo*, while for phenol with 


R R R ^ ' 

we obtain Z* \Z = 0*89. 

Thus we sec that the collision numbers in the gas phase and in solution 
will in general be different and also that we might expect the occurrence 
of collision numbers in solution greater than those in the gas phase.^* 

If one of the reactants is the solvent and we assume that the reactant 
A and the transition state behave in the same way equation (34i^) becomes 



R 


log 10’. 


When B is the solvent (Su 
liquid solvent. For a large number of solvents 


Sg*) is the entropy of vaporisation of the 


R 


-8 


1 *7 Z* 

to — 7, and hence if log ~A 10’ ^ 5 log --w 3 to 2. 

There are cases of reactions in which the collision number in solution 
has been found to be equal to that in the gas phase. Such an agreement 
should be considered as arising from the fortuitous cancellation of the 
entropy terms in equation (34). In the units in which S is expressed in 
(346) this cancellation occurs when the algebraic sum of the 5's approxi- 
mately equals 5. If we a.ssume that our present knowledge of the range 
of S, which is presented in Fig. 3, gives us a fair estimate of the possible 
magnitudes of this quantity for the reactants as well as for transition 
states then we see that there is some probability of observing the same 
collision number in solution and in the gas phase, since the values of 

( S S S \ 


has a considerable likelihood of being about 5 if each of the three terms 
lies within the range 5 to 10. 

One case, however, stands out in which the agreement of the collision 
number in solution and in the gas phase seems to be based on a principle ; 
it is the number of collisions between and 0* measured by the mag- 
netic conversion rate of parahydrogen, which has been found to be 
equal in the gas phase and in aqueous solutions.*® This is a purdy 


*• The extent to which a solvent is known to influence a ediision number 
in some cases of '' slow '' reactions shows that we might expect the range of 
5 to be greater in these cases than shown in Fi«. 3, 

* L. Farkas and H. Sachae, Z. phytik. Chvm., B, 1933, 43 . « : 1933. * 3 * * 9 . 
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physical collision in which the collided state is completely defined 
^ a certain range of distances between the interacting particles ; there 
is no fusion into a compound as represented by the transition state of a 
chemical reaction* The entropy of solution of a pair of gas molecule is 
naturally independent of their distance so long as this distance is con- 
siderable. This independence may hold even at small distances as it 
apparently does in aqueous solutions of H2 and Of. It seems improbable, 
however, that this should be generally so in all solvents. 



H K CmH 

FlO. 3.— AVy ia SniuSes. --i. Benrenr ; 2. Phenol; 3. Phenanthrene , 4. Nitro* 
beojtene ; 5. Naphthalene, 0. Benzoic acid. 


If /C|, Kf , . . . . . are the equilibrium constants for a reaction 

fij^A -f Wj^B . . , , in A series of solvents l, 2, 3 • . , 

7 . . . then Kf and are related by 


2 log A'/ log A',* — 2 Ma log A',^ + log A:,“ 

A a A a 

+ log /C‘ — log K’ = o. (35) 


But log Ak/ 


Hj^ 

~RT 


S * 

+ ~l~ .mil similar equations hold for the reactants 
K. 


B . . . and a, b . . . for solvent 1 as well its for solvent Moreover, 

5 A 

from equation (32) wc have + const, for all values of A 


and I tta I or ; . 

Therefore, equation (34) becomes 


i^S»A(W/* - -If»A’‘A{«** - Hi^) 

A a A 

+ - «.*) + log A'* - log Kf = 0. (36) 
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If the equilibrium constant the reaction heat and the heats of 
solution of the reactants A, B . . . a, ^ . are known for me solvent 

I, the equilibrium constant in any other solvent j can be calculated from 
a knowledge of the reaction heat, the heats of solution of the reactants, 
A, B ... a, ft ... in that solvent and of the constants p®, . . . 
Pat Pb* ' * * application of this theorem to ordinary equilibria is 
perhaps of little interest, but the analogous conclusion to be drawn for 
the equilibrium between the initial and the transition states .seems to 
offer a rational approach to the study of solvent influence on reaction 
velocity. 

Starting with a knowledge of the velocity constants and the 
activation energies and the heats of solution of the reactants 
//A and in the two solvents i and) and a knowledge of the constants 
Pa* Pb • • calculate the p constant for the traasition state /h. 

- fi.') - - ///) 

A A 

+ — -W*’) 4- log ki — log kf =r. o. 

We can now calculate the reaction velocity constant in any solvent 
provided that w^e know the activation energy and the heat of solution of 
the reactants in that solvent. 

log Z, - - 5 ;/*a«a(«/ - W/) + ^{/// - /// ~Q, + Q,H log Z,. ( 37 ) 

A 

That is, we predict the relationship between the activation energy and 
the temperature independent factor Z in any solvent from solubility 
data and preliminaiy' kinetic measurements in two solvents. 

There are no sufficient data at present to test this relationship. We 
can only emphasise that this equation must hold if pf exists : that is, 
the transition state behaves like other solute non -electrolyte substances 
reviewed in the previou.s section. 

Referring once more to the discussion on page 1349, we note that if 
the two reactants and the transition state as .solutes ail Ixthavc like 
l>enzene, we might expect the change of solvent to cause vMriaiions of 
collrsion numlxT of the order of lO* which would be accompanied by a 
change of $000 cals, in the activation energy. 

The variations in the entropy of solution offer a poftsible explanation 
for the fact that in some cases the temp<Tature independent factor of 
monomolecular reactions deviates from the theoretical value of IQ**. 
Whereas lesser values than lo'* could be attributed to deviations from 
the classical dynamics assumed in the derivation of this factor,** greater 
values could not be hitherto explained, except w’here chain reactions are 
present. We sec now that such deviations might be due to an increase 
in the entropy of solution accompanying the change from the tniti«d 
state to the transition state. 

An analogous consideration might be applied to the monomolecular 
changes of large molecules in gcncnil, including the gas phase. Instead 
of the sheath of solvent molccuies causing a variation of entropy we might 
in this case imagine the constituent parts of the reacting molecule to 
adopt the same r 61 e. Such considerations would constitute an extension 
of the theory of Polanyi and Wigner** who, in their calculation of the 

** Z. physik, Ckem., Haber Band, loaS, 439* 
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probability of the transition state have restricted themselves to the 
'consideration of one-, two- or three-dimensional elongation of one bond. 

8. Continuous Changes of the Solvent. 

The addition of electrolytes or non -electrolytes which do not partici- 
pate in the reaction, as well as the progressive replacement of the solvent 
by another perfectly miscible solvent can obviously be treated on the 
same lines as the discontinuous change through a series of solvents. An 
indication of this has been given in Section 3. There is not enough 
experimental material to justify a further discussion at the moment. 


The Influence of Viscosity on Bimolecular Reaction Rate 
in Solution. 

V’arious authors have trje<i to correlate collision numbers to the %"is- 
cosity of the medium, whereas viscosity does not enter into our theory, 
it IS rihvious that if the viscosity of the medium were to assume ver>’^ 
high values, c.j? when the solvent passes into the vitrous state, bimolecular 
reactions would n<*<:ess«inly Ih' slowed down almost to zero rates. Kever- 
theiess, it can N? Hh<iwn that for ordinary liquids the intiuence of viscosity 
on collision nurnlxT is negligible 

In our ap]>licatiun of the transition state meth<Kl we have assumed 
that evi»ry *' represi'iitativ e j>omt " j>assine the transition state in either 
diret tjon Hhonhl Usid to a ctmiplelion of the reaction in that direction. 
That is, if two jiiirtscIvN are fom^eii in llie ri action these should be dis- 
sip.ited in the sidution < .Hherwist*, if they stick together, they would 
have a greater tendency to enter with each other int(» a back reaction 
than has an average pair ot neight>ounng molecules, and the reaction 
could not tK' reganietl li^-ing (uUy eompleted. 

Ihe trnilency for the nt wly f<^rmed j»articles to stick together increases 
w»jth the viscosity of the nolution Ihe eliect of the viscosity l)ecomes 
noticeatile v%hen two |>;irticles existing in the collidtHi state move away so 
slovvlv fr*nn each otla i that ihev «,mter the hack reaction liefore they have 
time to get away to a distance ct>rresjxmding to the avercige distance of 
the solute molecules 

It follows that under ordinarv c»»nditj<ms the viscoMty has no influence 
on the collision numJn'r Assuming, / .c . an activation energy of 18,000 
cals., tw'o collided fiarticles would react at <»rdiuary temperatures in the 
course of 1 secontl. while in a molar s«dution the time required to diduse 
over a distance conrcsptmding to the average separation of the molecules, 
i.e, alxjiut no-** cm Wf>uld he alxnit 3*10-* st'c. if the diffusion constant 
is of Ihe or<ler of r day cm * t)n the other hand it is clear that if the 
viscosity reaches io‘-tim<r> as high values (so that the diffusion constant 
becomes of the order of 10’ day an * w hich would correspond to a vitrous 
state*, the times of reaction and diiTusion would become comparable and 
the latter would even l^tome greater than the former. Under these con- 
ditiems the ditiusioti of the particles would l>e!Comc the rate determining 
facUirs and the rate of the (inverse) bimolecular reaction would become 
indepemdent of the activation energy and inversely pro|>ortional to the 
viscosity. Sutali activ'ation energies of the reaction and great dilution 
would mvour tiUs state of affairs. 

The reactums with small activation eneri^es which are impeded by 
small iteric factors would require a slightly diderent treatment which we' 
do not wish to discuwi at this stage. It is, however, easy to see that the 
bindraxice caused by a stcric factor might be taken as afqiroximately 
eqalvaknt to that caused by an activation energy. 
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10. Relationships of Energy and Entropy Baaed on the Nemat 
Theorem. 

For a more detailed understanding of this relationship we first consider 
conditions at T = o. According to the Nemst theorem we have 

Assuming (jS, — jS,)® — const, we obtain for RT log K and H as functions 
of X two straight lines at equal and opposite angles (Fig, 4), whereas TS 
is a horizontal. 

For finite temperatures we have 

= (i*. - W® + I . (38) 

I) 

- (|')r ” - "•+ 

■ ■ • <*» 

and after integration 

r 

0 

- // = (j8, - + x| (— + const. (43) 

0 

TS = •+- . . . (43) 


The magnitude of the cocffidenls of x arising from the elevation of 
temperature are defined graphically in Fig. 4. under the probable 
assumption that ifii — )S,) changes monotonously with temperature. 
The Fig. 5 show's that we might expect the sequence 

>|( -^^ )dr. (44) 

s 

All three lines reprpen ting RT In k, H and TS are seen to change their 
inclinations with increasing temperature in the same directitm, the 
magnitude of the change being greatest for the TS line and smallest for 
the RT In k line. The two possible cases are a dttrias* or an fnrreoM of 
the angles with temperature, corresponding to whether /}| — increases 
or decreases with temperature. We have for Case I 
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|r ^ - % . - -gl W >0 (45) 

0 

or the same inequalities with the opposite sign throughout, and for 
Case II 

<o (46) 


or the same inequalities with the opposite sign throughout. As an 
alternative characteristic of the two cases we can introduce the influence 



I'lo. 5 


of X on the difference of heat capacities at constant x, (fi ~ ft) between 
sUtes 1 and 2. Thus we have Case 1 or Case II according to w hether the 

sign of — ‘s opposite or equal to that of j — — dT. 

Applying these considerations to reaction velocities," wc obtain the 
following features of the two cases. 

Starting from T o and increasing the temperature, Case I ex- 
hibits two phases which arc shown in Figs. 6 and 7. In Phase 1 the 
change of activation energy which is of opposite sign to the change of 
the velocity constant and of the temperature independent factor, the 
variations td the activation energy and the temp. ind. factor thus 
supplementing each other in determining the change of velocity con- 
stant. Such a complementary relationship is excluded in Case IL 

•* Our dedactions actually refer to the equilibrium constant JC between tb« 
initial and the transition sUtes ; the velocity constant is related to this by the 
•qnationh 
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(see Fig. 8) where the variations of activation energy and temperature 
independent factor always oppose each other. 

In Phase 2 of Case I. which is reached at more elevated temperatures 
when 

T 








causes — ((IHlAx) to pass through zero, we have equal ^ign in the change 
of activation energy and temperature independent factor so that these 

two effects oppose each other in their 
/ influence on the reaction velocity. In 

/ ^UTlnK his opposition the temperature inde- 
y pendent factor prevails, so that the 

/ sign of its variations governs the sign 

iw which reaction velocity elianges We 
shall see that this is not so when an 
^ opposition of the same two factors is 

present in Cxse 11. 

A sequence of reaction velocities 
belongs to Case II. if the changes in 
activation energy and temperature in- 
dependent factor arc of equal sign, i.e., 
effect oppose each other and the 

\ \ activation energ\' predominates so that 

\ \ its trend governs the change of reaction 

\ velocity. 

The only ex*imple we know for Case 
y L is the effect of hydrostatic pressure 
g on the reaction between pyridine and 

cthyliodide in acetone and between 
acetic anhydride and ethyl alcohol in toluene solution. Both the 
activation energy and the collision number of these reactions are in* 
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creased by pressure, the latter factor being predominant. This corre- 
sponds to Phase 2 of Ca.sc 1 . 

All other reactions measured under the influence of hydrostatic 
pressure show the characteristics of Case 11 . So do all the reactions 
discussed in Section 5. We observe the same characteristics in the 
solvent-solute equilibria surveyed in Section 6 ; all the variations in 
heats and the entropies of solution oppose each other in their effects 
on solubility and the energy' variation predominates in governing the 
solubility. 

The following considerations suggest that Case 1 . is likely to be 
realised when X is an external force while Case II. is present when x is 
a force intrinsic to the reacting system. 

As an example for the effect of external forces consider the hydro- 
static pressure. Supposing the reaction proceeds in the direction of 
smaller molar volume, we have — > o at low temperatures. 

Such a reaction being accompanied by contraction will generally lead 
to a reduction of the expansion coefficient and also of its differential 

j'bl^ with respect to temperature. It follows since 

» - ||dr 

that reactions which lead to contraction reduce the pressure dependence 
of the heat caf)a( ity. Hydrostatic pressure will, therefore, reduce the 
heat capacity of tlie initial slate to a greater extent than that of the 
final or transition state, thus fulfilling the conditions of Case I. 

This conclusion, however, holds only if changes in volume and in 
the temperature coefficients of thermal expan.sion change in the same 
direction. This certainly docs not hold for associating solvents which 
might explain that the numerous reactions measured under hydrostatic 
pressure in ;dcoholic solutions do not conform to Case I. 

Now let X be a mea.sure of the attractive forces (intrinsic parameter) 
betw^een the atoms taking part in the reaction leading from state I 
to slate 2. Then — ^ if the forces x greater in 2 

than in i. 

For a system of n quasi-elastic oscillators of equal frequency the 
specific heat can be expressed in terms of frequencies. 



An increase of the force cemstants tends to increase the v-values 
and hence to decrease the specific heat. According to the assumption 
made in the foregoing paragraph this decrease is greater for state 2 

than state I if — > o. Hence > o, i.t., we have an 

opposing sign in the variation of H .and C, — C, with x which is 
cliaracterktsc of Case II. 

We expect, therefore, Case 11. to hold whenever v«ariations of equi- 
tibrium or reaction rates are govinicd by changes in the nature of the 
meting system. The reacting system naturally including solvent 
J^oteeules. 
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As already pointed out a moment ago, Case 11 . is actually found to 
hold all over the field of linear relationships surveyed in this paper 
where the nature of the reacting system varies by changes in intrinsic 
forces. 

To this material we might add, following a survey by Moelwyn- 
Hughes,** various observations w^hich point in the same direction 
although not always conforming strictly to the linear relationship 
Thus Boeseken ** finds that the velocity constant of many reactions 
can be expressed k = Je^f<^e^QIRT where / and C are constants. Although 
this formulation implies a linear relationship between the temperature 
independent factor and the activation energy the agreement is only 
qualitative. 

The above equation has been shown to apply to surface catalytic 
reactions *• where the constant C is characteristic of the catalyst, and 
by Syrkin *^ to unimolecular reactions. 

There is also evidence that for such parts of an adsorbing surface 
which exert high attraction forces the temperature inde^Mjndent factor 
is the smaller the higher the adsorption potential, the two factors thus 
counteracting each other in their effect on the adsorption equilibrium.** 
The extremely small values to which the entropy factor has been found 
to go down at high adsorption potentials is remarkable, A similar 
and probably essentially related phenomenon is observed in the kinetics 
of slow' (activated) adsorption, the temperature independent factor 
being found to have abnormally low values.** 

Although the preceding sur\'ey shows clearly that the natural varia* 
tions of chemical systems do ver>^ often conform to Case II- we hesitate 
at this stage to lay down definitely that idl such natural variations must 
conform to Case II. The atomic picture which we used for the deduction 
of this theorem is not general enough to justify more than the expectation 
that the characteristics of Case II. will hold as a rule, while it also in- 
dicates on what lines possible exceptions to this rule might \>c explained. 

II. Relevance of Activatloa Energies Derived from Energy 
Surfaces. 

The considerations of the pn.'sent section should make it clear to what 
extent calculations of the sequence of activation energies derived from 
atomic mechanism can be legitimately applied to kinetic data at ordinary 
temperatures. Tbc values of log k will always follow' the trend derived 
for the activation energies at T o, w'hercas the observed activation 
energies can follow an opposite trend to that calculated at T O, e.g. 
when hydrostatic pressure causes an increase in activation energy (Phase 
2 of Case L). 

The inequalities {45) and (46) also show that of the three quantities 
Q TS, the cocflficient of x arising from increase of temperature 
is the smallest in the expression of log k. So even W’hen the observed Q 

Moelwyn “Hughes ; Kinei%t$ of R^oition in Solution, Oxford University 

1935. Ih;. *’ 

“ Rec, Trav, Chim., 1927, 46* 574. 

Holdzschmidt, Z. anorg. Chem., 1931. 900 , $3. 

*• G. M. Schwab, 2 . phyjiik. C^m.. B, 1929, 406. 

anorg. Chem,. 1931, 199, 28. 

•• Polanyi and Welke, Z physik. A , 192$, 139, 371. 

• H. S. Taylor, Tfons. Faraday Sac,, 1932, 98, 137. 
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and log k both change with x the same direction as they would at 
T — o, it is the trend of log k (and not of Q) w'hich gives the better ap- 
proximation to the change of Q with x calculated for 7" = o. 

Since the trend of log k derived for 7' = o is not changed in sign by 
raising the temperature, we can understand that the theorem relating 
heats of reaction to reaction velocities and the subsequently developed 
theory of Bronsted^s equation, as well as that of the closely related 
Tafel equation, which were all based on calculations referring implicitly 
to T = 0 were found to conform satisfactorily to reaction rates measured 
at ordinary temperatures. It is also apparent that tlic activation energies 
measured at ordinary temperatures will be less likely to follow^ the trend 
derived for T = o and that it is qiiitc improbable that the activation 
energies of reactions occurring in solutions should, at ordinary' tempera- 
tures, reflect quantitatively tlic results derived for 7' =-- o. 

This removes the difhculty to the theory of acid base catalysis recently 
pointed out by Bell*® (who has, himself, developed an alternative form 
of the theory of Horiuti and Polanyi) consisting in the fact that the 
activation energies accompanying the variable rates aic almost constant. 
Although this is no ol)jection to the semi-quantitative side of the theory 
which for ordinary temperatures re<}uires only parallelism Ix^tween log k 
and log it di>es, ueverrlR-less. indicate that the quantitative results 
of the theory' require qualification corresponding to the difference be- 
tween 7' = O and ordinary temperatures. 

Summary. 

The following are the main ]V)ints ol the present study. 

I DfHiuction of the laws of thennodymamics for the isothermic change 
of a parameter x operating on the chemical equilibrium or on the rate of 
a reaction. The main example for testing these laws is the case when 
X is the hydrostatic pressure. While the Arrhenius equation yields the 
energy and specific heat of the transition state, we can also measure the 
volume, the heat expansion and the compressibility of a .sc)lution of the 
txanHition state from kinetic measurements under hy'drostatic pressure. 

Extension of the sc<qx* of thennodyTiamics by assuming that x 
might represent the intensity of a molecular field. Although w'e cannot 
measure these intensities the laws thus derived can lx* tested, if it is assumed 
that for corresponding ineml.x*rs (i or j) of two analogous sets of reactions 
A and B the values of x identical. 1 r., x,^ ~ '• = X/® 

at least 

const 

Xi X, 

We can then eliminate x Assuming further that the linear terms of 
the integratiKi isotherm ofler a satisfactory approximation over an ex- 
tended range of x we obtain a linear relationship between values of chem- 
ical free energies /?7‘ log A'^, HI' log A'® . . . RT RT log At® . . 

reaction heats W A, ffB , . , activation energies ^ ,, in all possible 

combinations of these magnitudes. 

3. The experimental material conforming to these relationships is 
ample. To this we have added one new example. We found that a 
linear relationship holds between the free energy of s<^>lution and the 
heat of solution for a given non-electroly'te solute in different solvents, 
A similar relationship holds it>r chemically related substances w hen different 
solutes are taken in the same solvent. 


Proc. R<n\ A, 1936, 154, 414. 
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4. These results have been used as an empirical framework in which 
to restate our previous theory of collision number in solution, and to 
particularise the conditions under which it will be greater or smaller than 
the collision number in the gas phase. We also conclude that from 
kinetic measurements made in two solvents and from solubility data the 
collision number for any other solvent can be predicted if the activation 
energy in that solvent is known. We have also discussed the influence 
of viscosity on bimolecular reaction rates and found it to be negligible. 

5. The influence of a variable x on the reaction rate can be approxim- 
ately predicted from the influence it exercises on the equilibrium, when- 
ever the derivatives of the free energy and the energy with respect to x 
relating to the transition state lie intermediate between those relating to 
the initial and final states. An example can be fully worked out for 
verification in case that x is the hydrostatic pressure. For Bronsted's 
law of acid base catalysis and TafeVs overvoltage equation the new treat- 
ment shows that the previous theory applies strictly only to T = o and 
indicates the lines on w'hich this theory should be revised. 

6. The coefficients of x in: the integrated isotherm have been deter- 
mined by use of the Nemst theorem. It follows that under the influence 
of X entropies and energies can vary according to two different types 
(Case I. and Case II. characterised by equations (45) and (46) respectively). 
An explanation is given for the fact that Case I. is only fulfilled when x 
is the hydrostatic pressure and Case II. is present when x is a force intrinsic 
to the reacting system of the sort which determines the natural varialio''.ia 
of chemical properties. The main feature of Case II. is the oppo‘^.>ing 
influence in the variations of the activation energy and the collision nu niber 
which is observed in many series of chemical reactions and the anr ilogous 
opposition in the variations of heat and entropy on the solubil ity of a 
solute in different solvents. 

University of Manchester. 


THE OSMOTIC PRESSURE OF GUM ARABIC. 

PART IL— THE MOLECULAR WEIGHT'*’ WITH 

DIFFERENT BASES. 

By Henry Bowen Oakley. 

Receiv''i 191A May^ 1936. 

In the following paper, which amplifies the preliminary work reported 
in 1934/ an attempt has been made to find out whether compounds of 
the gum with different bases have the same mean particle size or “ mole- 
cular weight.** This involves making sure that the part of the osmotic 
pressure due to the metallic cations of the gum is entirely eliminated. 
This has been accomplished by making measurements at low concen- 
trations in solutions of the chloride of the appropriate base at a con- 
centration sufficient to eliminate the ionic pressure in accordance with 
the theory of the Donnan * membrane equilibrium. 

It is shown in a subsequent paper (Part III.) * that the osmotic 
pressure of the colloid particles is only about I per cent, of the total 

^ H. B. Oakley, Trans. Faraday Soc., 1935, 31 » 136. 

* F. G. Donnan, ibid., 82, and discussion by G. S. Hartley, 1935, p. 107. 

• To be published shortly. 
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osmotic pressure of the gum plus its cations as measured against pure 
water, so that, even if 99*9 per cent, of the ionic pressure has been elimi- 
nated, the remaining osmotic pressure will still be 10 per cent, higher than 
the true value for the colloid particles alone. 

Preparation of Specimens of Gum. 

An improvement in preparation has been introduced by following the 
precautions described by L. Amy,» who showed that Gum Arabic contains 
an insoluble gelatinous constituent which is, however, easily peptised by 
a solution of gum . All gum solutions were, therefore, prepared by spreading 
the powdered gum on a filter paper suspended horizontally on a wire gauze 
and just touching the surface of water in a beaker. In a few days all the 
gum dissolved leaving behind about o*i per cent, of gelatinous constituent. 
Precipitation wdth alcohol w’as avoided as the above author maintains 
that this treatment tends to increase the insoluble fraction which may, 
however, still be peptized in gum solution but w^hich cannot be removed 
by dialysis. About 5 per cent, solutions prepared as above, after steri- 
lising in a water-bath for 20 minutes, w^ere dialysed in collodion sacs 
against many changes of N jz solutions of the chloride of the respective 
bases. Silver nitrate w'as used for the silver gum, but in this case a pre- 
liminary dialysis against sodium nitrate was made and in this way no 
reduced silver was produced even after two or three w-eeks. Thymol was 
added in all cases. Such preparations showed no reduction of Fehling's 
solution. 

W ith some later experiments on sodium and calcium gums, some com- 
parative measurements were also made on specimens prepared by neutralis- 
ing electro-dialysed gum. As pointed out by the present author ^ and con- 
firmed by Amy,* the acid gum (unlike the neutral gum) is not stable. 
The later stages of the electrodialysis were, therefore, carried out in well- 
ccx»led solutions and the gum neutralised immediately the dialysis was 
finished.* 

In all cases the gum solutions w'ere finally dialysed against portions of 
the same salt solution that w’as to be employed in the osmometer, so that 
diffusible impurities were removed and the salt equilibrium already estab- 
lished before introduction into the osmometer. 

The concentration of the gum was estimated by w^ithdrawing the solu- 
tion from the osmometer and drying in vacuo at 100° and subtracting the 
appropriate weight of salt, it being assumed that the concentration of the 
salt relative to the w'ater at low’ concentrations of the gum was the same on 
both sides of the membrane. 

The special low-pressure o.smometer described previously ^ ha^ been 
slightly modified for greater convenience and accuracy, as reported in 
a recent publication on glycogen,* special attention being paid to tempera- 
ture control to less than o-oi®. Ail measurements were made at 25®, 
20 hours being allowed in most cases for equilibrium to be established. 

Sodium Gum. 

In Fig. I PjC is plotted against C for five concentrations of NaCl ; 
where P » osmotic pressure in mm. w’ater and C = concentration in 
grams of gum per 100 grams of water. Circles represent results for gum 
which had not been electro-dialysed and crosses those for electro-dialysed 
gum subsequently neutralised with NaOH (or Ca{OH),) ; they are in* 
good agreement. The experimental error below a concentration of 0*3 
per cent, becomes large, i.e,, over xo per cent. 

• L. Amy, Annales de Chimie, 1934, 3 , 295. 

* H. B, Oakley, F, G. Young, in press, Biochem, Jour,, 1936. 
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THE OSMOTIC PRESSURE OF GUM ARABIC 


From the lower experimental error obtained with glycogen * it w^onld 
appear that this error is to be attributed not entirely to the osmotic pressure 

measurements but, 
in part, to some in* 
herent difficulty in 
obtaining reproduci* 
bility of equilibrium 
with the gum. and in 
part, to errors in the 
estimation of con- 
centration, due to 
the small weight of 
gum present (20 or 
30 mg.) with the 
much larger weight 
of salt. The osmotic 
pressure in these 
dilute regions 
amounts U) only 1*0 
to 2*5 mm. 

The results for 
S‘y> and X /zo 
Na('l show that 
these concentrations 
art; insufficient to 
suppress the ionic 
pressure difference 
at a concentration 
of gum high enough 
for accurate mea- 
surement, although 
a limttuig value of 
12 to 13 appears to 
be apj)Toached. 

The curve for 
Si 10 NaCl showrs a 
markcKl flattening, 
bctw'ccn ccmcentra- 
tions of 0*7 and 0*3 
per cent., to a value 
for F/C of alx>ut 13, and sub .squently appears to drop to a value of 10, 
unless this is to l>e rejected as experimental error. With Sfz NaCl the 
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curve Battens to a value for JP/C of ii*6; values at concentrations below 
0*4 per cent, were not obtained, the error of weighing such small quantitiei 
of gum may be expected to increase with the amount of NaCl present. 
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Caldum Gum. 

Fig. 2 gives similar results for two concentrations of calcium chloride 
with calcium gum. This curve for X / 10 CaCl, again appears to show an 
initial flattening to a value of 12*6 followed by a sharp fall to about 10. 
It will be seen that this is confirmed by several repetitions of experimental 
points. These regions occur at higher concentrations than is the case with 
sodium gum. With X.fz Ca('l, the value of P/C is constant at 10*3 betw^een 
concentrations of 0-3 to 0*9 per cent, of gum. The implication of these 
results will be discussed later. 


Comparison of Gums with Different Bases. 


Before these results had been obtained experiments w*ere made with 
silver, lead, pota-ssium, hthuim, sodium and calcium gums at concentra- 
tions not lower than 0 3 per cent. 


The concentrations of llie alkali 
chlorides were X.z, that of silver 
nitrate X/io, and of lead nitrate 
.V/5. Ihe r€*sulU are shown in 
Table 1 Tlujse for sodium and 
calcium have already includ<‘d 
in Figs. I and j. 1' is exprc*s.sed in 
mm. of water. 

Too much reliance cann<»t lie 
placed on the hgures for silver, 
lead and lithium gums owing to 
the possibility of decomjKisition or 
partial hydration of the salts with 
the drying technique employe<l 
The mean values for P C would 
correspmd to the initial flattening 
of the curve descnb<*<l previously, 
and while five of the compounds 
agree within 10 jxrr cent, of each 
other with a value of at>out 11-7 the 
calcium gives a lower figure of 10*3 


TABLE I. 


C. P. 

P/C. 

c. 

P. P/C. 

silver gum 

Lead gum 

l,V. 10 .\gNO,). I 


Fb(NO,)d. 

<>'35 

11*4 1 

0*29 ' 

3*3 I* *4 

0'47 «. 1 

130 1 

; 0*35 

4*2 12*0 

0-57 f >-7 

1 1*8 

1 0*60 

77 11*7 

O ' 79 90 

li'O 

! 


Mean - 

12‘0 

Mean ... 11*7 

Sodium gum 

Potassium gum 

(,V 5 XaClK 

i {S/i KCl). 

040 47 

u*8 

i 0*30 

3*4 11*3 

0*43 

11*4 

1 0-41 

4*5 

050 59 

11-8 

j u* 5 (> 

6*5 I i *6 

o *,55 <'5 

II -5 

\ 0*841 

10*1 11*4 

070 8'5 

12 1* 

1 I 10 

13*0 II-8* 

115 lOo 

I 39 * 

! J -55 

21 7 14-0* 

Mean - - 

11*0 

} Mean 11*3 


Discussion. 

If for the moment all results 
below 0*3 per cent, of gum are 
neglected the figures given in 
Table II, arc obtained for the 
limiting value of PjC and the 
molecular weight under different 
conditions. M was calculated 


Lithium gum | Calcium gum 

{.V/2 UCl). , (*V/2CaCy. 


037 

4 4 

1 1 *9 1 

0*^1 

3**2 

10*3 

0*51 

h '3 

12*0 1 

049 

5**2 

10*6 

o-ho 

9-2 

* 3 * 4 ® ! 

0*72 

7*4 

10*3 

* *3 

M *7 

i3*o* 1 

0*88 

90 

io*a 


Mean 12-2 i Mean ^ 10 3 

i 


• These results were not included in the 
averages. 


from the equation M — lO RT . CjP — 2*52 x lo* x CjP at 25®, where 
P is expressed in mm. of water. 

The figures for sodium gum differ from those reported in the pre* 
iiminary investigation * w*here the non-electro'dialysed gum gave a value 
of 152*000 and the electro-dialysed gum one of 245,000. The differences 
are attributed to the nmdified mode of preparation and to the fact that 
the present samples were kept in didysers instead of in bottles. The 
agreement between electro-dialysed and non-electro-dialysed .samples 
is considered to be good evidence that the present figures arc reliable. 
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TABLE IL 


Salt. 

ConcentraUon. 

PIC. 

M. 


NaCl . 

N/IO 

13*3 

191.000 

± 2*2 per cent. 


Nil 

11*6 

217.000 

± 15 »» 

KCl . 

Nil 

xi *3 

224.000 

± 2 

CaCl, . 

Nho 

10-3 

245.000 

±2 


N 1 1 

10*3 

245.000 

^ 2 # » * • 

LiCl , 

i Nil 

1 12*2 

206,000 

i: 3 .. 

Pb(NO,), . 

NIS 

11-7 

215.000 

^2 . . II 

AgNO, 

Nlio 

12-0 

210.000 

± 6 ,, 


The increase of molecular weight with increasing NaCl concentration or 
the higher value in the case of calcium chloride would then be attributed 
either to increasing aggregation of a single molecular species of gum, or 
to aggregation of a small quantity of a substance of lower molecular 
weight. In neither case docs this explain tlic rise of PjC in NflO CaCl* 
to a second level of 12*6. 

If the above explanation is adopted, then this singularity and the 
falling values of PjC in *V; lo Nai 1 below a concentration of 0*3 per cent, 
must be dismissed as experimental error. 

If, however, these values are accepted it becomes neccssar\' to account 
for the sudden fall in osmotic pressure at extremely high dilutions. 

The ultracentrifuge would be the only means for obtaining accurate 
data at such high dilutions, and until further data have been obtained 
it w'ould appear unprofitable to discuss the matter further. The fact 
that osmotic data for proteins agree with those obtained at high dilutions 
by the iiltraccntrifuge does not necessarily mean that this would al^o 
be the case for the very highly charged particles of gum. 


Summary* 

1. From osmotic pressure measurements down to a crmcentration of 
0 3 per cent, of gum a mean {>articie weight of aio.ofx) t 10 per cent, has 
been obtained lor Li, Na, K, Ag and Vh gum arabic salts in Sji solutums 
of the alkali chlorides and S jio AgNO, amt .V/5 Pb(NO*|, 

2. With NaCl the weight in \/id and SfZ solutions was I91 ,ckx:i ± 21 
per cent, and 217,000 ± per cent, respectively. 

3. With CaCl| the weight vfan in both cases 245,000 ± 2 per cent. 

4 Below concentrations of 0 3 per cent the particle weight of Na gum 
in *V 10 NaCl appears to rise to 245,000 at 0-15 per cent. It is thought 
that measurements of such small f>ssmotic pressures ought to be confirmed 
by the ultra-ccntriluge liefore they can be discussed profitably. 

The author desires to thank Professor Uonnan for his kind advice 
and encouragement, and Messrs. Unilever Ltd. for a grant which enabled 
this work to be carried out. 

The Sir William Ramsay Labaraiories 
of Iporganic and Physical Chemistry^ 

University College, London . 



SIMPLE NUMERICAL RELATIONSHIPS IN 
BINARY EUTECTIC MIXTURES. 

By D. Stockdale. 

Received igth May, 1936. 

In a recent paper * it has l:)een shown that in eutectics containing 
two metals there is a reasonable probability that the atoms are present 
in a comparatively simple numerical ratio. These ratios range from 
I ; % and 2 : 3 in the case of the simple cadmium-tin and copper-silver 
eutectics to 4 : 19 and 8 : 47 for the more complicated copper-aluminium 
and copper-magnesium systems, where the eutectics are between a 
primary and a secondary solid solution. This relationship has been put 
forward empirically solely as an expression of experimental results and 
theoretical reasons for its existence are not yet clear. If it is the effect 
of some method of fitting together the two kinds of molecules, it is perhaps 
to l>c expected that the more complicated the molecule, the more limited 
the possible ways of fit and the simpler the ratio. Other groups of binary 
eutcctiferous systems : salt-water, two salts with a common ion, organic 
compounds, are therefore examined here. 

The outstanding difficulty in such an examination is the choice of 
data. A casual glance at critical tables may give the impression that 
in a certain s>^tem the eutectic ratio is exactly i : 3, but reference to 
the original work may show that only some ten points on the two branches 
of the iiquidus curves have been determined. That is, the eutectic 
composition has been found by considerable extrapolation. Further, 
on redrawing the original curves, it may be found possible to place the 
eutectic at anything Ix'twccn 33 and 27 molecular per cent, of one of 
the constituents and it may Inrcome obvious that the existing evidence 
in favour of its falling exactly at 25 per cent, is slender. In organic 
chemistry, particularly, there are almost too many data and it is only 
too easy, by makmg a non -critical selection, to prove either the existence 
or the non-existence of simple ratios. A statistical examination of a 
large number of systems gives general support to the idea of simple 
ratios, but this result is also unsatisfactor)' because of the large number 
of ratios which may be regarded as simple, together with the uncertainty 
of much of the cxperimcfital work and the fact that certain of the systems 
have been expressed in terms of molecular percentages, critical points 
being given in smoothed values, 35, 41^, 50 per cent,, cis the case may be. 

In certiitn cases, the accuracy demanded for the establishment of 
a rule is beyond present experimental skill. Thus, if the weight per- 
centage of one of the constituents in the eutectic mixture is small it 
is usually impossible to decide definitely whether the ratio falls at 
I : 10 (9*09 mol. per cent.) or 2 : 21 (8-70 mol. per cent.), for example, 

or at something tndc terminate in between. This effect is intensified 

if the molecular weight of the constituent present in least amount is 

much larger than that of the other. Thus, cryohydrates frequently 

contain a large percentage of water and the molecular weight of the salt 

* Stockdale. Prm. Roy, A, 1935, 15a, 81. 
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is often many times that of water. For these reasons, pace Guthrie, 
it seems to be impossible at present either to establish or to overthrow 
an empirical rule by evidence obtained from a study of salt-water mix- 
tures, and such mixtures are not further considered here. 

There remain eutectics containing two salts with a common ion and 
binary organic eutectics. Probably the most satisfactory method of 
obtaining evidence about these systems is to examine the work of a 
limited number of investigators who have between them determined the 
eutectic compositions in a considerable number of systems and to reject 
that of those who have evidently been unaware of the serious experimental 
difficulties which must be overcome before reliable results in determina- 
tions of this kind can be obtained. Having once chosen the investigators, 
all their results, except those which must be discarded for the reasons 
discussed under cryohydrates, must be presented. 

W. M. Madgin and his colleagues have determined the eutectic 
compositions of nine binary nitrate systems in which the eutectic con- 
tains more than ten molecular percentages of each salt. Their results 
are used in Table I. 


TABLE L 


System. 

{ 

j Motocalw 
j Pemntafe 

1 of A 

lUtlo 
j A:B. 

J 

1 j 

1 Saae»t<»d ^ 
1 ^ple j 
i Kstio. < 

1 ’ 

1 1 

Wdfbt 
IVroentife 
of A 

Required 

bylUtio. 

( Welfhl 
j Pirrcexitafe 
of A 

1 Fouod by 
EtpeOmeat. 

I 

! DUhfxenat 
i Weiglit 
jParcenust. 

A 

Ca(NO,)2 

B 1 
NaNO, I 

33*4 X 

I : 1*99 

i 

\ 

1:2 1 

40* IX 

49-2 

0*1 • 

Ba(NO,)2 

KNO, 

12*31 

I : 6*99 

* ■ 7 * 

26-98 

27*0 

Nil* 

Sr{XOt)2 

KNO, 

4833 

1 : 1*07 

1 , 



66*2 


Ca(NO,)2 

KNO, 

34-87 

i : 1*87 

I 7 1 

4664 

4t>5 

0*1 • 

Pb{NO,)2 

KNO, 

2304 

1 : 3-34 

i 3 : 10 i 

49-5<> 

495 

0*1 • 

Pb(NO,)2 

NaNO, 

X5'84 

I : 5-3* 

i 3 : 

42*21 

423 

01 * 

Pb(NO,)2 

TINO, 

ii'i8 

I : 7*21 

> • 7 I 

15-08 

X4-7 

04 * 

Pb(NO,)a 

NH4NO, 

xo-43 

I : 8*39 

j 

— 

3^-5 


KNO, 

NH4NO, 

xx-33 

I : 7*83 

I 

*3*<>3 

X3-9 

0*3* 


The ratios given in Table I, arc of the same nature as those found for 
metallic eutectics.^ For the metallic systems it has been shown that 
even though the ratios arc sometimes so complicated that considered 
individually they are open to criticism, yet there is a definite probability 
that a simple ratio rule exists, and the present case appears to be parallel. 
The assessment of the results is rendered even more difficult by the 
impossibility at present of putting forward any other than an arbitrary 
definition of a simple ratio. 

Two groups of binary organic eutectics are now considered. The 
first (Table II.) has been examined by Madgin and hb colleagues, the 
second (Table III.) by N. A. Puschin and i 1. Rikovski.* The latter 
work was undertaken to disprove a suggestion that the two branches 

• K. Layboum. W. M. Madgin and D. Freeman, /. Ckem, 1034* 130 * 

• K. Laybourn and W. M. Madgin, %bi4., 1933. ^ 3 ^- 

• H. M. Glass, K. Laybourn and W. M. Madgin, ibid,, 1931. S74. 

^Ibid*, 2713. 

• K. Laybourn, Degree Thesis, Armsirong College, Newcastie-on^Tyne, 1934. 

^ pp. 96 and 99. 

• Z. physik, Chern,, A, 1930, 151, 257. 
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TABLE II. 



1 

Mblecaltf 

PwoenUfe 



Weiffat 

Wdfht 


Svitem. 

Ratio 

A:B. 

SufgMted 

S&pto 

iUtio. 

Pvxc^aft 

PiefcenUfe 
of A 

Dlflcrenoe 

Woiftit 



of A. 

Reqoind 

byRMtia. 

Found l»7 
Bspodaont. 

FeromUife. 

! 

A 

B 







^-Dich- 

o-Chloro- 

t 7 94 

1 » - 4*57 

2 : 9 

20-26 

20 

0-26 • 

loro- 

bensene 

phenc^ 

1 






^-Dich- 

loro- 

Quino- j 
line 

11*15 

I : 7*97 

I : 8 

12-46 

12-5 

0*04 • 

benxeoe 

Bencene 

Quino- 

line 


1 : 2 005 

I : 2 

3305 

33 

0-05 • 

^Dich- 

^-Tolui- 

40*69 

2 : 2*92 

2 : 3 

4778 I 

48-5 

0*7 

loro- 

benjEene 

dine 





i 


^Toloi- 

dine 

^Dich- 

Beniene 

20-39 

I : 391 

I ‘4 

2553 

26 

0-5 w 

oXresol 

2703 

I : 2-70 

3:8 

33-77 

33*5 

0-27 

loro- 

beaxene 








o-Crctol 

Benxene 

32-04 

I : 2*12 

« 

— 

39-5 

— It 


TABLE in. 


Sni 

-- 

( 

i 

y. 

llcikrular 
PwctnV 
Age of A. 

R«tio 

A.B* 

1 

Suaettod 

sSipto 

Ratio. 

Weight ! 
IVrcentage 

0! A 

Required 
hy Ratio. 

Weight 
Feroentage 
of A 

Found by 
Ezpertmant. 

DidcanBoa 

Weight 

Percentage. 

A 

B 








o-Pbcny- 
lene di*- 
mine 

m-Dioi- 

tro- 

bentene 

I 

39*99 

1 : 1-50 

* i 

30-01 

i 

I 

30 

O-Ol 

Nt-Ihnt- 

tro- 

benxene 

m-Phcn- 

ylone- 

diAiniae 

2 

1 34-94 

1 : I '861 



45-5 


Betisa- 

mide 

m-Nitro- 

3 

4438 

1 . 1*25 

4 • 5 

41-06 

4 * 

0*06 

Bensn* 

oiide 

^Nitro- 
•o-di- 
metbyl- 
aniune i 

4 ! 

28-14 

1 

1 

i 2-55 

2 : 5 

24-39 


0-4 

Picric 

Acid 

Bento* 

pbenone 

Kaph- 

tludene 

5 

29-06 

1 ; 2-44 

2^5 

33 * 4 <» 

34 

0-5 

fN-Dini- 

tro- 

bdupcme 

6 

40-2 

I : 1-49 

2:3 

46-66 

46-87 

0-2 


of the liquidus curve of a eutectiferous system did not meet at a point ; 
in other words, to show that the solid eutectic mixture could not exist 
in omtact with a liquid of variable composition. This group of expert* 
ments is therefore one of the few in which an examination of mixtures of 
approximately the eutectic composition was the primary purpose of the 
research. 

* H. M. Qsss, W. It. Madgin and F. Hunter, J. Chtm. Soc., 1934, sbo. 

'* H. M. Class and W. M. Madgin, /. Chtm. Sec.. 1934, 1193. 
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Of the thirteen eutectic compositions considered in Tables IL and 
III., eleven fall at or near simple ratios. It is to be noted that in none 
of the original papers is the eutectic composition given nearer than half 
of one weight percentage. Also, because with one exception all their 
results are given in weight percentages, it is evident that the authors 
had not considered the possible existence of a rule. Therefore their 
determinations must be regarded as free from any subconscious bias. 

The results given in Table II. must be accepted without discussion, 
because freezing-point data are not given and the curves therefore cannot 
be reconstructed. Puschin and Rikovski’s curves, on the other hand, 
can be redrawn and some assessment made of their experimental accuracy. 
This has been done, and the results obtained for systems 3, 4 and 6 are 
in close agreement with those given in the original paper. For the other 
systems the conclusions are not so 5atisfactor>'. In each case it would 
appear that there had been a certain amount of supcr-cooling of one or 
both of the constituents and that the exact eutectic compositions are 
still uncertain. The fact that an exact ratio has been found in system i 
must therefore be somewhat discounted. On the other hand, if it be 
assumed that w-dinitrobenzene is a compound particularly prone to 
super-cooling and that neither of the phenylenediamines .super-cool to 
an appreciable extent, then the value of 30 weight per cent, given in 
the original paper can be accepted for sy.stcm I and in .system 2 the 
eutectic would contain about 44 weight per cent, of m-dinitrobcn/eiie. 
Thus a ratio here of 1 : 2 i.s not out of the question. 

In the paper on metallic eutectics it was shown that there were 
two ways of considering the ratios. It i.s as if there were two walls each 
built of bricks of two different colours. We can take a ratio between the 
numbers of bricks of different colours, as here the ratio InHween the 
numbers of constituent molecules has been considered, or we can take 
a ratio betwreen the numbers of bricks in each wall, irrespective of the 
colour. The first kind of ratio has lx*en named the constituent ratio, 
the second the pha.se ratio. In tlie hater case, allowance is made (or 
solid solution and compound formation. In the case of metallic systems 
it has been shown that there cannot be exact simple ratio rules to embrace 
both types of ratios, but in the seven metallic systems considered the 
curious result was obtained that if one rule is exact the other is correct 
to I part in 20a, Where the constituent ratios are .somew hat complicated 
as 4:19 and 8 : 47 in the rase of the cop|:>cr-aluminium and copper* 
magnesium systems mentioned earlier, the? phase ratios arc often much 
simpler. These two systems, ^or example, give pluisc ratios of l : I 
and 7 : 9. 

It might be that if daii were available for obtaining the phase ratios 
for the systems considered in thi.s paper, there w^ouid be further simplifica- 
tion and the four anomalous systems w^ould fall into line. At present, 
as very little is known about solid solution formation in either salt or 
organic systems, very little can be done. It is known that an unstable 
compound, (NOg),, is formed in the ttt-dinitroberuene- 

naphthalene system. In this case, provided no solid .solutions are formed, 
the phase ratio is i : 2 while the constituent ratio is 2:3. It is also 
known that, if one or two systems be excepted, solid solution fonnation 
in the nitrate systems given in Table I. is extremely limited, but a small 
solid solubility may have a large influence on the phase ratio. Thuii 

Stockdale, Proc. Hoy, Soc,, A, 1935, 9^* 
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in the potassium nitrate-strontium nitrate system, if strontium nitrate 
can dissolve only i*6 per cent, by weight of potassium nitrate at the 
temperature at which the eutectic mixture freezes, the phase ratio is I : I. 

The only one of these .salt systems about which there is much informa- 
tion with regard to the solid solubilities is the potassium nitrate-ammonium 
nitrate system. Laybourn and Madgin find that ammonium nitrate 
will dissolve 8 per cent, by weight of pota.ssium nitrate, and potassium 
nitrate 65 per cent, of ammonium nitrate ; that is to say, the mole- 
cular solubilities arc* respectively 6*44 and 70*1 per cent. The phase 
ratio is then l : but if the eutectic were at 11*13 instead of 11*33 

molecular percentages of potassium nitrate, this ratio ^would be exactly 
1:4. A constituent ratio of 1 : 8 demands a eutectic containing iril 
per cent, of potassium nitrate. 

The evidence so far considered is indefinite, but it does at least suggest 
that simple ratio rules may exi.st. Fiowever, they cannot be proved or 
disproved until more exact experimental data are available. It is the 
purpose of this paper to bring forward this suggestion, in the hope that 
more experimental evidence may be forthcoming. 

Summary. 

The suggestion that in binary eutectic mixtures the ratio between the 
number of molecules ^ f each constituent is simple has been examined. 
Calculations have l)een made f<ir certain systems containing tw'o salts with 
a common ion and for certain organic mixtures. The results obtained arc 
not conclusive, but they tlo at least indicate that it may be possible to 
establish empirically a rule of simple ratios. 

The Goldsmiths' Metallurgical iMboratory, 

The Unwersity of Cambridge. 

J , Ckrm 5 er.. 1933. ^ 3 ^- 


THE PHOTO-SENSITISATION OF FILMS OF 
POTASSIUM BY MEANS OF HYDROGEN. 


By K. C, L. Hosworth, M.Sc., Ph.lX 
Received 2 \st A/ay, 1936 

Exposure of a potassium surface to molecular hydrogen has been 
shown by Suhrmann^'* to he insufficient to produce photo-electric 
sensitisation, and a discharge through hydrogen likewise has no effect 
unless the polarity of the surface is such that hydrogen ions can strike 
it, and then a large increase in the photo-emission is obtained. Surfaces 
prepared in this way have colours quite different from that of an ordinary 
surface and have been shown by an X-ray diffraction pattern obtained 
by Kluge and Rupp * to consist of small crystals of potassium hydride as 
well a$ potassium. Lukirsky and Ryaaoff indeed believe that the 

‘ Suhrmanr FhysUt, Z., 

• Sahrmasin and Theissmg. Z, Pkystk, 19^8* 53t 453. 

• Kluge and Hupp. Pkystk. Z., 193 33 if 

• Eukink)' and Ryanoff, Z. Pkysik, 1932, 7$, S49. 

• Lttkirskv. Pkystk. Z Soiiv; , 1933* 4# 

• RyanoC Z Pkystk. 193** 17 ^ 3^5 
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surface responsible for the high emission consists of a monatomic layer 
of potassium adsorbed on potassium hydride — KHK surface. Lukirsky 
and Ryanoff have prepared these highly sensitive surfaces by allowing 
monatomic hydrogen prepared by dissociating hydrogen on a tungsten 
filament to come in contact with a pot^sium surface. 

It is known that a potassium surface docs not appear to react with 
molecular hydrogen, but that a clean tungsten surface instantly adsorbs 
hydrogen ® The lattice constant of a potassium surface • is 5*25 A,, 
while that of a tungsten surface is 2*56 A., and the equilibrium distance 
apart of the two hydrogens in Hj is from measurements of the moment 
of inertia 076 A,^? It appears therefore, that the fact that hydrogen will 
not spontaneously react with a potassium surface is connected with the 
fact that, to do so, the atomic components of the molecule would have 
to be dragged apart. Barrer has found that for the adsorption of 
hydrogen on charcoal an activation energy of 13 to 15 kilocalories is 
required, and that as the surface concentration rises, the activation 
energy increases, tending finally to 30 kilocalories. Barrer has shown 
that his specimens of charcoal were heterogeneous, the lattice constant 
of the most perfect graphitised particles being 3*4 A., and I he amorphous 
material anything up to 4*5 A. It is reasonable to infer, therefore, that 
the lower activation energies are associated with adsorption on the perfect 
crystals and that, when these points are saturated, still further work 
must be done to drag the two hydrogen atoms in the molecule far enough 
apart to permit them to react with the distorted amorphous lattice. It 
was hoped therefore, that a measure might be obtained of the cncrg>' re- 
quired to make molecular hydrogen react with a potassium surrace. 
Unfortunately this energy proved so high that even heating the pot;is- 
Slum film to 6c>0® K. for five minutes in the presence of hydrogen at 
I 0 “* mm. produced little or no change in its photo-electric properties, 
and at any higher temperature changes began to occur due to evapora- 
tion or migration of the potassium. No measure of the activation energy 
of the required process has therefore been obtained and the results of this 
work give only figures for the thresholds of the various films studied. 

ExperimentaL 

The apparatus used consisted of tw'O parallel tungsten filaments, one of 
ribbon 2 mm. wide and the other of wire 0*1 mm. thick. Around the fila- 
ments is a grid for collecting the photo-electrons and tx^huul them a 
Kunsman source consisting of a filament c<iat€*d w'lth a mixture of FeiO*. 
A1,0,, and K,0 to provide the potassium films. 

A Quartz monochromator with a pointolite source w^as used to provide 
the monochromatic light. A compensated valve bridge (Compton and 
Haring modified for use with the triinle electrometer valve Osram type 
T) w^as used to measure the photocurrentH. The circuit was placed in an 
earthed steel box in order that it should iya shielded from both electrostatic 
and electromagnetic disturl)anccs. The lead from the grid to the photo- 
cell was similarly shielded, and the cell itself protected as much as possible 
from extraneous light by blackened metallic tubing. 

The photo-currents at different settings of the monochromator were 

^ Roberts, C0mh. Phil. i>Qc,, 1034, 9^* 74 - 

• Roberts and Whipp. Camb. Phil 5oc., 19 u. 30, 376. 

• Eucher, Z. Pkysik, 1927, 44, 392. 

Simon and Vohsen, Z, physik. CKem., 1928, 133, 165. 

J I^rrer and Hidcal. Ptoc. Roy. Soc.. A. 1935. * 49 » ^. 4 *- 

•Compton and Haring. Ttuns, Ehetro-Ch^m. Soc., 1932. g2, 243. 
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obtained in the first instance by a deflection method, setting the galvano- 
meter in the circuit to zero with the strip unilluminated. As the character- 
istic of the type T valve is curv ed over the working range this method is 
not strictly accurate, although the error involved in assuming linearity in 
the response will not be appreciable (above the limit of experimental 
variation) unless the photo-currents are large enough to produce a change 
in the anode current of the order of 100 micro-amps. In cases where this 
condition did not hold a compensating potentiometer circuit was set up 
and the photo-current to the grid balanced out against the current produced 
by applying a known |X)tential from a potentiometer across a constant high 
resistance of 10** ohms, prepared by Ailing a capillary tube with a solution 
of amyl alcohol in xylene. 

For theoretical purposes it is necessary to know not only the emission, 
but also the emission per unit of radiant 
energy absorbed by the surface. The 
relative amounts of light absortjed at 
different wave-lengths could be most 
readily determined if the photo-sensi- 
tive strip filament could be used as a 
bolometer filament. This has been at- 
tempted and Table I. has been obtained 
measuring the amount of light al>stirbed 
from out of the balance current of the 
b^dometer bridge. 

1 hese figures indicate that the 
amount <if light absorbed is approxi- 
mately uniform over the alxive range 
of wave-length.s so that it is pennissible 
to use the readings from the valve bridge as a measure of the photo-emission 
per unit of absortx^J light. 

The Method of Finding Thresholds. 

The old direct method consisted in plotting the emission against either 
the wave-length or fre<|uency and finding the point at which the curve cuts 
the axi.s, 'The results obtained however depended on the accuracy with 
which the current voiild l>e measured; and as shown by Fowler** the 
mt<*rce[)t of the curve with the aviN is only strictly definite and a measure 
of the threshold at absolute zero of temperature ; and at all higher tem- 
peratures it IS {possible to get some emission at frequencies below' the 
threshold. Fowler lias develope<l a method of obtaining the threshold 
from experimental t>bsorvation.s at fre<}uencies near the threshold. The 
metluHl as usually employed by experimentalists is summarised by the 
equation ; 

log(/ /*! “ li t • < . « 

Where, I is the emission per unit of abs<irlx*d radiation ; B a constant 
de|xnidtng on the units chost'u ; T the temperature ; Fa universal function, 
the so-called Fowler function : r ^ kT ; v the frequency of the 

radiation ; 1*^ the threshold frequency ; k Flank’s constant ; k Boltzmann's 
constant. 

Equation (j) indicates that if log {I /T*\ he plotted against hvjkT, the 
curve obtained should Ik; of a standard shape and when it mt»ves hori- 
zontally by an amount ht<^kr and vertically by an amount should fit 
the theviretical curv'C of log / . /’* ■ F{x). 

Fowler's method which has been tested and shown to be accurate for 
clean surfaces by several experimentalists **» **» ** consists in finding the 

*» Fowler, Physu^U Rev.. 193b 3 *^ 45 - 

** Dubridge and Roehr. B, 1932, 9^. 

** Dubndge, ibid., 195*. 39* toS. 

*• Cardwell, ibid., 1930. 3b, 203, 2041. 


TABLE 1 . 


Wave-Length, Relative Amount of 
(A.) Light Absorbed, 


10.000 

i-i 

8,000 

1*2 

7,000 

08 

0.000 

I'O 

5,000 

0*8 

4.000 

0*8 
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vertical shift required to make the experimental curve fit the standard 
curve. In practice this amounts to finding points on the experimental 
curve with the same slope as standard points on the theoretical curve. In 
short, we eliminate the constant B by a differentiation which is none the 
less real because it is implicit, rather than explicit ; and if one were to 
carry out this differentiation before application of the theoretical relations, 
one should have a tidier and no less accurate method of arriving at i>,. 



Differentiating equation (t), we have, 

d log {//r*)/<ir F\x)^ 

log (IlT*)ld* X, 

Where F' is the first derivative of the Fowler function. 
In practice one deals with the wave number, 

n if/c rather than the frequency r or, 
^|d log (//7^)/diij 
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Inserting numerical values and interposing, 

. . (2) 

== ^r, d log (I IT*) / dn). . . • (3) 

Where ti is used for the inverse function of F', Equation (3) expresses 
the fact that under the circumstances in which Equation (t) holds, viz. ; 
for n not far from w*, n -* w* is a universal function of T and d log (I /T*)ldn 
no matter in what units I may be measured. Equation (2) shows how ^ is 
to be calculated. 

If the measurements arc carried out at one temperature (as in practice 
they usually are) ; equation (3) becomes 

n - 4 (r, d log //dll) . . (4) 

and, further ^ proves to be a relatively slowly varying function with 
respect to T, so that, if the values of ^ are calculated at T = 300® K., the 
tables obtained may be used on all experimental results obtained at 
ordinary laboratt>r>' temperatures (300 ± 5® K.). In Fig. i curves arc 
given showing d log //d« plotted against ^ at various temperatures ; 200® K.. 
300® K., 400® K., and 500® K. For clearness the curves have been split 
into two sections and in the branch on the left the axis of ^ has been 
shifted 2.000 reciprcKal centimetres vertically doi^mwards. 

The curves show that for all values of n greater than w* the values of 
^ may indetHi be taken as independent of T. The variation of ^ at d log 
//d« -- 5 for example lieing only 240 cms. for a change in temperature of 
300® K. Such a variation would only mean an error of 60 A. at 5000 A. 

Accordingly all that is needed to use the above curves in measuring 
thresholds is to measure J at two di^erent frequencies, obtain d log //dn 
and, knowing the tcmj[)crature to within a few degrees, read off 4 irom the 
appropriate curve. This 4 equal to the mean distance of the threshold 
from the tw'o jxjints at which I ivas obtained. 

Table II. (which expresses the results of measurements on a film of 
potassium on tungsten) shows how the method is to be applied. Columns 
(I) and (2) give the wave-length A. and the experimental measurements of 
/, columns (3) and (4) log I and n, column (5) d log //dn obtained by draw- 
ing tangents to the plot of log / versus n, column (6) the corresponding 
values of 4 read off irom the theoretical curves and column (7) n, equal to 

TABLE II. 


A. 

'■ 1 

lof /. 


; dlofl/dn. 

i \ 

1 i 


5500 

i 

lao I 


j i.s,i«o 

■ 1 

i f? 

5000 

13.»8«> 

Oooo 

66"0 1 

i 

l »>,670 

; 30 

2900 

*3.770 

6500 

5 i 

i *‘35 


‘ h*5 

1 

14,100 

6800 

4*b i 

1 0*66 

M.-'o 

i ""'5 

74^> 

*3.970 

7000 j 

*■5 

018 

1 14.240 

^ 10*8 

i 600 

13.690 

7200 

0-4 1 

1 

ioo 

1 «3.S40 

1 | 8*2 

; - .40 

14030 


— 4 - The last column shows verv- satisfactor>’ consistency for all points 
Incept the first, the one furthest removed from the threshold. This con- 
sistency confirms both the accuracy of the above method and also the 
amicability of the Fowler relation to composite films, a point whtc^ in- 
acfentally has previouslv been tested and confirmed by Brady in the case 
of potassium mms on siK er. 


Brsdy» Pky$ic^ Rtv 1S34, 46^ 9, 768, 

47 • 
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Results. 

It has been possible to produce a film of standard properties in the 
following way. The filament was first fiashed at 2500® K., cooled and a 
thick deposit given to it by the Kunsman source. The bulb attached to 
the photo-cell was then immersed in liquid air and excess potassium over 
and above the equilibrium film allowed to distil ofi on to the cooled glass. 


TABLE IV. 


TABLE III. 




Relative Number of 
Hydrogen Atoms Incident 
of the Surface. 


A in A. 

/ 

A^ 




4000 

4500 

5-8 

130 

0 

7200 

5000 

14*0 

20 

6900 

5500 

12*7 

24 

6600 

6000 

5*3 

40 

6400 

6200 

3-3 

60 

6100 

6500 

1*7 

80 

5«oo 

6800 

0-4 

120 

5700 


TABLE V. 


TABLE VI. 


/. 


/. 


After about one hour the film attained constant photo-ehxrtric properties 
and no further change could be observed even in 24 hours. Table III. 
gives the properties of this film . 

The film therefore has a fiat selective maximum emission at 5000 A. 
and a threshold measured by the method given above of 7140 A . a figure 
which when compared with the 5700 A. found by Ives and Olpin for 

bulk potassium shows that 
the film must be a thin one 
and prol>ably the monatomic 
layer WK. 

If now this film be exposed 
to molecular hydrogen at a 
pressure of 10 mm. for 
periods of the order of an 
hour or even heated to f)Oo" K, 
in this gas no change what- 
ever is prixiuced in the emis- 
.sion obtained on pumping out 
the gas. But if the wire fila- 
ment w heated in the pres- 
ence of hydrogen to 1 500'^ K . 
and a tx^ram of atomic hydro- 
gen thus fired on the strip 
filament^ the photo-emission 
at all wave-lengths decreases 
and the threshold moves to- 
wards the ultra-violet. The 
actual number of hydr<^en atoms striking the surface would not be easy to 
compute, but the relative number may simply be obtained as the product 
of the pressure and the time of heating the wire filament ; Table IV. in- 
dicates the progress of the threshold shift as the film is treated with atomic 
hydrogen. 

If now over the inactive film thus produced fresh potassium is deposited 
and allowed to come into equilibrium with bulk potassium at liquid air 
temperature a highly sensitive film is pfoduced, as Table V. indicates. 

Ives and Olpin. Fky$ic, R$v,, 1929. 34« 117. 


4000 

2*6 



4500 

41 

4000 

12*1 

5000 

4*9 

4500 

19-6 

5500 

5*4 

5000 

140 

6000 

6-6 

5500 

10*4 

6500 

7*1 

6000 

9*6 

7000 

5*8 

6500 

8-,5 

7500 

2-3 

7000 

7*3 

7800 

0-95 

7500 

5-0 

8000 

0*46 

8000 

2*8 

8100 

0*25 

6500 

035 


From which 
=5= 8300 A. 


From which 

A® 9200 A, 
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lliis sensitive film if treated with hydrogen will in a similar way gradu- 
ally lose its emission but regain it on treatment with potassium vapour. 
The sensitive film above is probably a WKHK film, the insensitive one from 
which it was derived the WKH film. There is a way of getting films with 
still higher thresholds, that is by treating the filament immediately after 
fiasliing with hydrogen and then depositing the potassium over the re- 
sultant WH surface. Table VI. gives the emission. 

This is probably the WHK film. It has been proved by Roberts (loc, 
ct/.) that hydrogen is strongly adsorbed by tungsten and the WH surface 
is far more electronegative than the tungsten surface ; and so, it is to be 
expected that any positive film adsorb^ on this suriface would be more 
strongly polarised than on tungsten. The WHK films are therefore ex- 
pecterd to exhibit the same high sensitivity as the WOCs films studied by 
Kingdon *•, and as the table above illustrates they do. 

Collecting then the experimental results we have for the thresholds of 
the various surfaces studietl the following figures : — 

WK 7140 A. := I 72 Electron Volts 
WKH 57fx> A. 216 ,, ,, 

WKHK 8300 A. ~ 1*49 ,, ,, 

WHK 9200 A. 1*34 ,, ,, 

Summary. 

Monatomic films of potassium on tungsten have been prepared and 
examintul photo- electrically. Thes<* films will not react with molecular 
hydrogen at rr>om temperature or at any temperature below the volatil- 
ising jx)int. 'I'he films do, h<jwever, react w'ith atomic hydrogen to form 
a WHK surface which is capable of absorbing fresh pot^sium to give a 
sensitive WKHK surface A still more sensitive surface may be prepared 
by depositing potassium on a WH surface. 

A graphical meth<Ki <d obtaining the threshold from two readings of 
photo-emissiun of different fre<juencies near the threshold, is derived from 
Fowler's equation far photo-electric emission. 

The author dcsire^s to expre\ss his gratitude to Professor E. KL Ridcal 
for his interest in this work and for many helpful suggestions, to the Royal 
Qunmissioners for an Exhibition of 1851 and to Trinity College, Cam- 
bridge for a grant. 

Laboralory of Colloid Science, 

Cambridge, 

Kingdon, Physic. Htv., 19-24, 

•• Kunsman, 1925. 6 j» 2<>9. 

** Kunsman, /. FrankUn Inst., 19^7. 635 - 
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The adsorption of ethylene by catalytically active metak k of con- 
siderable importance in connection with the kinetics of hydrogenation 
reactions. Adsorption by metals other than platinum {vis, nickel^ 
copper and iron) has already been studied by several workers/ prtnctpally 

* Griftn, /. Cbem. Sec., 1917, 49* 2156 ; Foresti, Gmss,, 1929, 99^ *43 ; 

Magnus and Klar, Z, pl^siksi, Ckem,, A, 1932, t6i, 241. 
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from the standpoint of the variation of the amount adsorbed with the 
pressure. In general, the ethylene isotherms, unlike those of hydrogen, 
were found to be of the continuous type ; and the adsorption was, under 
equivalent conditions, less than that of hydrogen. For platinum, 
figures giving the total adsorptive power at atmospheric pressure are 
available,* on the basis of which ethylene may apparently be adsorbed 
to a slightly greater extent than hydrogen ; but, in any case, few 
published data exist on the progress of the adsorption with time, and it 
has therefore been considered of interest in the present work to study 
the kinetics of the adsorption process. 

In addition, measurements have been made of the heat of adsorption 
of ethylene on platinum. This subject has recently assumed importance 
in connection with the possible contribution • of the adsorption heat 
towards the activation energy of a hydrogenation reaction in its catalysed 
form. 

It was found essential, in order to obtain consistent re.sults, both for 
the kinetics and for the heat of adsorption, to take great care to free the 
platinum from adsorbed gases other than ethylene ; and it should be 
emphasised that measurements carried out with platinum black which 
has not been previously brought into this condition possess little signi- 
ficance. In its freshly prepared state, platinum black contains oxygen, 
which may be removed by repeated treatment with pure hydrogen, in 
the first instance at room temperature and subsequently at KK)^, each 
treatment being followed by prolonged degassing to remove the water 
formed. In the first of these treatments, hydrogen was admitted in 
small increments to avoid the danger of sintering. The subsequent 
complete elimination of the residual adsorbed hydrogen and its replace- 
ment by ethylene involves a large number of treatments with the latter 
gas, each treatment being followed, as before, by degassing. The 
progress of the replacement is most conveniently followed by observing 
the apparent value for the heat of adsorption of ethylene, which gradually 
sinks from a relatively high value — in which heat of reaction of the 
ethylene with residual adsorbed hydrogen is included in the apparent 
heat of ad.sorption — to a constant lower value corresponding with 
ethylene adsorption only. 


Experimental* 

The apparatus employed is shown diagrammaticaliy in Fig. i. The 
platinum black, prepared by l*ond, Ramsay and Shields^ meth(xi« * which 
weighed 16*57 contained in the calorimeter bulb, A, which, together 

with the first few centimetres of its connecting tube, was constructed of 
Pyrex glass blown as thin as possible in order to reduce its heat capacity 
to a minimum. We produced a bulb and cemnecting tube which, with a 
capacity of about 5 cx., only weighed about 0*3 g. This was fused to 
tubing of normal wail thickness at the point shown, and was surrounded 
by a second bulb, B, which could be evacuated to form a amail Dewar 
ves.sel, or filled with gas when a conducting enclosure was required in order 
to bring the platinum to tlie temperature ot the surrounding bath. The 
rise in temperature during heat measuraments was recorded on a rotating 
drum by a Moll reflecting galvanometer connected with the thermo-element, 
C. After trial, it was found preferable to insert this thermo-element in a 

* See, for insUnce, Taylor and Bums, /. Am^. CA#«h. ion* 4 ^f *« 73 ' 
*Zur Strassen, Z. pkysikal, CAem., A, 1954* *69# : Schwab, 

421 ; Maxted and Moon, /. Ckgm. Soc., 1935. 1190. 

♦Mond, Ramsay and Shields, Pkii. Trmm., A, 1895. 657. 
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Pyrcx sheath tube in such a way that it was surrounded by gas at constant 
pressure, the sheath being drawn out to the thinnest possible wall in the 
neighbourhood of the thermo-junction. By this means, the influence on 
the galvanometer deflection of the necessarily large change in the gais 
pressure — and in the conductivity of the gas surrounding the thermo- 
couple, if this is not isolated — which occurs on and after admitting gas to 
the degassed metal, was avoided. 

A normal vacuum calorimeter method cannot readily be used with 
ethylene on account of the smallness of its adsorption at low pressures ; 
for this reason, the integral heat at constant, atmospheric pressure was 
measured in place of admitting small increments at a low, and continuously 
varying, pressure, it having previously been round that in many cases the 



I'u;. i. 


differential heat is independent of the amount adsorbed * and is thus 
identical with the adsorption heat mcasuretl when, as in the present awe* 
a larger increment is added in one stage. The maintenance of a constant 
gas pressure within the calorimeter during the adsor-ption also renders 
more constant the rate of distribution of heat, by conduction, throughout 
the mass of adscu^bent — which consists of metallic particles in incosnplete 
contact with one another and, for the greater part, separated by gas — and 
simplifies the form of the heat loss factor in the observed heating curve* by 
the extrapolation of which the true rise in temperature is calculated. 

This atmospheric prt^ssu^e methmi was tested with hydrogen diluted 

‘Ward, Proc, Pay, 5 oc., 1931, i33» 506; Beebe, Trans, Faradav Sac,^ 

193a. aSf ; Maxted and Hassid, /. 5 <w., 1931, 3313 ; Trans, l^araday 

1933 * ^ 
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A-ith helium or argon, and was found to give heat values consistent with 
those given for hydrogen on platinum by the vacuum calorimeter method. 
Moreover, the adsorption heat was, in conformity with previous observa- 
tions, independent of the volume of hydrogen adsorbed, which could be 
varied by varying the degree ot dilution of hydrogen with the inert gas. 

All gases were carefully purified before use ; ethylene by liquefaction and 
fractional distillation ; hydrogen by desorption from palladium ; and 
traces of oxygen were eliminate from inert gases by admixture of a small 
proportion of hydrogen, followed by repeated treatment with heated 
platinum. In some cases, the inert gases were previously subjected to 
prolonged s|>arking with oxygen in order to remove possible traces of 
nitrogen, followed by the removal of the excess of oxygen by flashing with 
phosphorus. Such sparked specimen.s of argon or helium gave, however, 
identical results with untreat^ specimens, since both of these gases were 
already in a high state of purity and. in any case, traces of nitrogen <lo not 
contribute to the obser\*ed heat effect, whereas even a small degree of con- 
tamination with oxygen leads to too high apparent heat viutrs. The 
gases other than ethylene were of course only usckI lor testing the method 
of heat mea.surement employed. Save for a preliminary stabilising period 
at 200®, the platinum was not subjected to a higher temperature than 
and all degassing was carried out at this temperature by means of a 
combined Hy^^ac and mercury vapour pump. 

Klnedcs of the Adsorption. 

The progress of adsorption of ethylene with time, in a typical measure- 
ment at 20®. is given in Table I. If the figures are plotted graphically, it 
will be seen that the course is of normal ty[)e, namely that a large* piirt of 
the adsorption takes place almost instantan<s:msly. this relatively rapid 
primary suisorption being followed by a much slower secondary priKess, 
This secondary adsorption follows Ward's • relationship, in which the 
ratio of the adsorption to the square root of the time is a constant, and. 
consequently, also Bangbam and Burt’s ec|uation.^ which involves a 
linear relationship between log e and log /. These simple linear variations 
do not, of course, bold for the total adsorption, which tnclud€»» the distinct 
primary process ; and their inapplicability to the total process, together 
with their validity for the secondary adsorption, may be regar<it*d as 
additional evidence for the presence of the two distinct adstorption com- 
ponents. The agreement with Ward's relationship is shown in Table 11.. 
in which v is the additional adscjrption after the first two minutes. 

TABLE 1 


Tiin«. 

Cc. St S.T.P. 
of HthyUem 

Per Gram Pt. 


TABLE 11 


20 secs. 

0 34G 


V, tat at 




1. In Mini. 

N.T.P. par f Pt. 

•/VC 

I min. 

0*376 




2 

o- 3»5 




5 

0*40 

i 

0*015 

0-0087 

10 .. 

0 * 4 1 

» 

0*035 

0*0088 

30 .. 

0'43 

28 

OH >45 

0*0085 

1 hr. 

«>*45 


0-065 

0-0085 

3 - 

0*50 

I 7 « 

0*1 15 

0-00B6 

7 

0*50 

418 

0*175 

0-0086 

10 hrs. 47 mins. 

0-39 

<»45 

0-203 

0-008 1 

22 M 

0*70 

1318 

0-3*5 

0*0086 


• Ward. Proc, Roy, Hoc., A, 1931. 133, 52a 
’ Bangham and Burt. fVec. Roy, Soc,, A, 1924. 4S1. 
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The influence of pressure on the amount adsorbed was also investigated, 
the isotherm bemg of the continuous type, as in the adsorption of ethylene 
on other metals. This is shown graphically in Fig. 2 , which refers to the 



Ih'es.sure, mm. Hg. 

l*IG. 4. 


.-Mtsoriition bv ib-57 K- I’t at nxmt temperature, after one minute, at which 
time the primary ad-sorption is subsUntially complete and the secondary 
adsorption still small. 

Heal of Adsorptloas 

The following preliminarv' meastirements were made with hydrogen, in 
order to test the method the volume of hydrogen present in the calori- 
meter bulb on admission of gas to the previously degassed platinum was 
reduciSKl to any desired low value by diluting the gas with argon or heUum ; 
and, in every case, the whole ot the hydrogen in the bulb was completely 
and rapidly adsorbed by the relatively large mass of platinum employed. 
The rapid progress and subsequent cessation of the adsorption at a value 
corresponding with the available hydrogen could be followed by the gas 
burettes. The calorimeter • was surrounded by a constant temperature 

♦ The iwe of a Uurge insulated enclosing box. for all parts of the appwatus m 
the neighbourhood, maintjuned at a constant tempeiature by n^ans of a sroaU 
fan with appropriate heating and cooling coils {a necessary provision, in view of 
the to-callea ** gas effect/* in the case of adsorption heat measurements wim a 
vacuum calorimetcur) was iound not to be essential, since the results obtained 
with this larger enclosure were identical with those given when only the vacuum 
vessel containing the calorimeter was thus shielded. 
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enclosure. In the measurements sununarised in Table 1 X 1 ., those of 
Series (a) were preceded by a degassing period of X2 hours at xoo^, and 
those ot Series (b) by a similar period at room temperature. All deter- 
minations were carried out at i8®. The gas mixtures employed were 
made up approximately only of the composition given* since the exact 
adsorption was read o& directly. 

The observed adsorption heat thus varies about a mean value of about 
i8 k. Cals, in Series (a) and 17 k. Cals, in Series (b) ; the limits of accuracy 
of the method (measured by the deviation* in individual determinations* 
from this mean) is approximately of the same order as for the vacuum 
calorimeter previously used.* There was, as bciore, no indication of a 
definite decrease or increase of the adsorption heat with an increase in the 
adsorbed concentration. The value previously found by the vacuum 
calorimeter method for the adsorption oi hydrogen on platinum black in 
approximately the same condition was about 17 k. Cals, or* in some cases* 
less ; and* in view of the experimental difficulties which attend the direct 
measurement of adsorption heats* including the possible variation in the 
heat value with the state of the platinum* a greater degree of reproducibility 
is not probable. It may be noted* further* that, in all cases* the rapid 
adsorption of only a small volume of gas by a relatively large mass of 
platinum is involved : accordingly, the heat measured is principally* if 
not exclusively, that of the primary ailsorption. 

TABLE III. 


CoopotitkmcXGM. 

Ptreeaug* N»ttw«ol «tN.T.P. (). tnkOilft. 

oi Hvdrofen ia locrt oi Hrdnicea per g. MoL 
Miiture. Gat. Adtorbed. Hydrofca. 


Senes a. 



Helium 

> 3*4 

Helium 

>7 

Argon 

15 

Argon 

>5 

Argon 

12 

Argon 

7*5 

Argon 


Sen 

15 

Argon 

12 

Argon 

7*5 

Argon 


0-59 

18*0 

0'6i 

170 

0*97 


0*91 

> 7*4 

0*90 

17*4 

0 74 


045 

19*1 


0*69 

> 7*1 

0*56 

17*2 

0*36 



TABLE IV, 


Run 

No. 


VoL, in cjt. 

•iK.T.P. 
of EtSfl^ne 
AiKocUd. 


C>* in k. Calt. 
Per Mot. 
of kmt 
A4»orbfd. 


1 

0*54 

9*0 

2 

0*55 

Ql 

3 

0*48 

8-6 

4 

0 4» 

9 5 

5 

0*42 

8-9 

6 

«>35 

7*8 

7 

0 57 


8 

0‘39 

9M 

9 

0‘40 

7*7 

JO 

0'4i 

9*9 

II 

O-Jft 

9*9 


Measurements were now carried out with ethylene* for which the vacuum 
calorimeter is inapplicable. The presence of residual adsorbed hydrogen 
leads* as already stated* to too high apparent heats of adsorption ; and the 
value of Q gradually fell from slightly over 30 k. Cals, to a constant \*a)ue 
of about 9 k. Cals, as the residual hydrogen was removed. The higher 
apparent values include heat of reaction in addition to heat of adsorption. 
The approximate constancy of the adsorption heat 9 iter this preliminary 
stage of hydrogen removal has been pas^ is shown tn Table IV. Pure 
ethylene* undiluted with an inert gas* wm used throughout. A few com* 
parativ e tests, not included in the table* were* however, made with ethylene- 
helium mixtures^ -in which case the adsorption of ethylene was* of course, 
considerably smaller — and were found to give similar heat values. 

The heat effect observed in measurements Nos. 6 and 9 of the above 
series is considerably below the average (about 9 k. Cals.), but has been 

•/. Cktm. 5 ec., 1931, 3313, 
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^icluded for completeness of record. The platinum was in every case 
previously degassed for 12 hours at loo®, save before measurement No. ii, 
for which the degassing temperatiu-e was 200*^. Over 95 per cent, of the 
total adsorption observed during the period of each heat measurement 
(5 minutes) occurred in the first 2 minutes. All determinations were at 18®. 

Summary. 

The secondary adsorption of ethylene by platinum black, naunely the 
flow process which takes place subsequently to the almost immediate 
primary adsorption, follows the relationship previously observed by Ward 
for hydrogen on copjjer, according to which the ratio of the volume ad- 
sorbed to the sejuare rfK)t of the time is k constant. It consequently also 
agrees with Bangham and Burt's general equation, which involves a linear 
rdationship betw*een log v and log I. 

Since the normal vacuum calorimetric method is inapplicable to 
ethylene, on account of its small adsorption at low pressures, a calorimetric 
me^od involving adsorption at atmospheric pressure has ^en developed 
for the measurement of the adsorption heat. This was tested for hydrogen 
diluted with an inert gas, and was found to give an adsorption heat of 
approximately the same value as that previously determined in the normal 
way. On applying the meth<xl to ethylene, a molecular heat of adsorption 
of about 9 k. Cal.s. was observed. It is necessary in all cases, both for the 
measurement of the kinetics and of the heat of adsorption, to subject the 
platinum to preliminary treatment to remove residual adsorbed gases other 
than ethylene. 

Department of Chemistry^ 

UniuersUy of Bristol 


THE COLLISON MECHANISM AND THE PRIBCARY 
PHOTOCHEMICAL PROCESS IN SOLUTIONS. 

By E. Rabinowitch and W. C. Wood. 

Rfcewed iBth May, 1936. 

(1) The Collision Number and the Collision lnter\^als. 

The mean number of coUisions, s (gas), of a gas molecub' under >nrp 
conditions is of the order of 10 *® per second. The average duration of a 
colluion, r, — i.e. the time during which the interaction energy is not small 
compared to 47" — is about K> to secs. The order of magnitude 
of r is the same for collisions, of saturated molecules and those of free 
atoms or radicals. Only collisions of complicated particles possessing 
many degrees of freedom and low frequencies corresponding to the inter- 
change of energy^ between them, can last for longer than secs. 

The average collision interval 0 (gas) (because of the smallness of r) is 
practically equal to I /« (gtis). 

We now consider collisions between the molecules of a sohUe {nof their 
collisions with the mok ^ules of the solvent), and compare them with the 
collisions of the same molecules in the gitseous state. In the case of a 
strong interaction between solute and solvent, leading to the formation 
of solvates or of clusters of solvent molecules surrounding the dissolved 
particles, all the three quantities s, r and 0 may be affected by dissolution. 




1382 PRIMARY PHOTOCHEMICAL PROCESS IN SOLUTIONS 


In the case of a weak interaction, as presented for instance by solutions oi 
permanent gases, or of iodine in carbon tetrachloride, the average values 
of z, T and 0 may remain practically unchanged. The collision duration 
T, in particular, must remain unaffected by the presence of the solvent, 
if the interaction of the colliding particles and their kinetic energy are 
independent of the solvent. If, in addition, the solvation energy of a 
colliding pair (Fig. I<j), is not different from that of the two separated 
particles (Fig, l^), then the probability of finding two given molecules 
in the state of collision must be the same in the gaseous and in the dis* 
solved state. The aggregate time spent by a molecule in the collision - 
state during a second will therefore Ik* the same in both cases. This total 
collision-time is equal to 5 t. With (zr) (sol) ~ (cr) (gas) and r (sol) 

T (gas), the collision number z (sol) must be ctjual to z (gas) as well. 

The purpose of this paper is to show tiiat even in this ideal Ciise of a 
solution which leaves tlie average values of z and 6 unchanged, the tits- 
tribtUion of collisions is changed in a significant manner. In a gas, tlie 
actual values of the collision -intervals arc distributed according to tlie 
usual statistical law, the probability of an interval 6 being proportional 
to £""^. Jn a closcly-packed medium, the collisions occur in sets. Th^ 



a ^ 


Fig. 1, 

intervals 0 Ivetween the colhsioas belonging to one s»;t are ver\’ sliort, 
while those B between the sets are correspondingly longer. If the average 
number of collisions in a sot is then the average K rigth f>f I lie inter-set 
intervals must be 0 n$y order that the total collision number s 

may remain unchanged. 

The occurrence of collision-sets is due to the fact that the coUidtng 
pair of particles is .surrounded by the molecules of the solvent and can 
escape from this “ cage only by a process of diffusion during which it 
has an opportunity of colliding several times. 

To illu,strate this consequence of a high concentration of the molecules 
in a srdution, we constructed a simple model, shown schematically in I' ig 
2. It consists of a flat brass plate (i) with a aig*rag border (jt), and an 
insulated knob (3) in the centre. The knob is ccmnecteil to one p»le of th<!! 
battery, the plate itself to the other pole. A number (20-fio) of smalt lialls 
are distributed on the plate. All but one ol them are insulate<i, and re* 
present the molecules of the solvent. The one nondnsulated ball aiid the 
central knob repre^nt two dissolved molecules ; every time they come into 
contact (as shown in the figure) a circuit is closed and the collision registered 
by a lamp or by an electro-magnetic recording mechanism on a drum. 
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The plate is placed on a shaking machine and the balls brought into strong 
agitation. 1 he zig'seag border aids in transforming the regular movement 
of the machine into a chaotic agitation of the balls. Fig. 3 shows two 
sections of the recording ; Fig. 

3a was made with 25 balls on 
the plate ; Fig. 36 with 50 balls. 

The ** intermittent character 
of the collision mechanism at 
high densities is clearly showm 
by this figure. Table L gives 
the results of registering the 
collisions for about 10 mins, at 
different densities. Column (i) 
shows the number of the in- 
sulated balls : column (2) the 
proportion of the surface covered 
by the balls ; column {5) the 
average number of collisions per 
second. Column (4), which con- 
tains the average numlier of 
collisions per set, is illustrated 
by Fig. 4. A compari.vm of 
columns (4) and (51 shows that 
whereas the total ttumt>er of colit- 
sions (2) repptains pramcallv un- 
chaPtged, the atferage length of the 
sertes (ii) increases erry sharply 
after a certain denstiy has been 
e xceeded. 

I he addition of one l)all tu 51 causes the trebling of w, without producing 
any change in 2. 

It is, of course, only with ihc greatest caution that the quantitative 
results obtained with this two-dimensional macroscopic model may be 

1.1 I l! 1? U } 


I I I } 1-J-JU LJL 

Fig. 3<i. 

OilLL —jKWi'/L 


—jjjmjjuJjj 

Fig. 36. 

used for real thrce-dinierisional itiokt ular systems. It is, however, safe 
to assume that in these systems abo, t!u- average length of the collision- 
sets increases very sharply at higher densities. The essential question is : 
to what section of the curve in Fig. 4 does the real liquid correspond } 





Kui. 2. 
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If consider, for instance, liquid argon with a molecnlar weight 
about 40 and a density 1*4, find that i c.c. contains about 1*9 >: lO** 
molecules. The volume of an argon molecule is about 1*3 X 10^** c.c. ; 


the total volume of the molecules contained in I c.c 

0*25 c.c. 

H to take 

r • _ 6 X 10” 


coefficient O by the equation 


d in I c.c. of the liquid is thus 
0*25 c.c. In the case of CXl^, 
to take another example^ 
6 X 10** molecules are con- 
tained in I c.c. of the liquid, 
with an aggregate volume of 
abo\it o'35 c.c. A volume 
density of 35 per cent, oc- 
cupied spaee corresponds to a 
two-dimensional density of 
about 50 per cent, occiqncd 
surface. This density pro- 
duces, according to our ex- 
j^eriments, collision -sets with 
an average length of about 2. 
This estimate of the average 
length of collision -sets in real 
solutions is confirmed by con- 
siderations of the diffusion 
coefficients. According to 
Einstein and SmoUichowski 
the mean displacement A of 
a particle 

4 ' — .i n,.— during the 

• 7 * time t IS 

connected 
^ with Its 

diffusion 


In a liquid, even a displacement over a distance equal to a single molecular 
diameter (say A — 3 X cm.) is achieved on a complicated xig-*ag 
path consisting of a great number of single segments. The statistical 























E. RABINOWITCH AND W. C. WOOD 1385 

equation (i) can therefore be applied even to such small displacements. 
The diffusion coefficients of uncharged molecules in solutions of low 
viscosity {e.g, of iodine in carbon tetrachloride) are of the order of 
2 X 10"^. Inserting this value of D into (i) and assuming A = 3 X I0“* 
wc obtain ; — 

^ = 2*5 X secs. 

During this interval, the collision partners are agitating to and fro in a 
narrow space, without separating themselves so far as to allow a molecule 
of the solvent to slip between them. A gas molecule travelling at a 
speed 10^ cm. /sec. would cover a similar path, 3 x cm., in 3 x 
secs. The above calculated “ separation interval,** 2*5 x secs, 

is ten times longer and will allow the particles to collide more than once, 
but probably not more than four or five times. 

We may thus assume that collision -.sets actually occur in solutions, 
but are on the average rather short, consisting of !, 2 or 3 collisions. 
As confirmed by Table 1 ., the probability of a collision-set consisting of n 
collisions is proportional to e'"**, where a is a constant depending on the 
density ; single collisions are therefore the most frequent at all densities. 
IxJiiger sets may occur in systems with higher density : highly viscous 
liquids, glasses or true solid phases. I 

The influence of the collision-sets upon the velocity of bimolecular 
thermal reactions was already discussed in a paper by Weiss.* The 
existence of collision-sets tends to slow down the reaction rate ; but its 
influence can become appreciable only if the activation energy is very 
small — so small that the proportion ilx of the number of collisions in 
which this energy is attained is greater than 1 /ff. In this case, the mole* 
c\ilts which have to wait n times longer than in a corresponding gas for 
their first collision, are unable to make use (statistically speaking) of all 
the n roUistons forming the set, because they react already after the first 
X collisions. For all bimolecular reactions of wliich the velocity can be 
studied experimentally, x is, however, of an order much higher than lO, 
and no effect of the intcrmiltency ** of collisions can therefore be ob- 
serv^ed, at least in ordinar\* non-viscous solutions. In highly viscous 
systems the reaction velocity can be expected to decrease because of 
an effect of this kind. 

A process in wdtich the influence of the intermittent character of the 
collision*mechanism is very* important is the quenching of fluorescence 
in liquids, because this reaction often occurs at the very first collision of 
the activated molecule with an appropriate partner. Wawilow and 
Franck * have discussed the problem of the quenching of fluorescence in 
solution and the influence of the viscosity from this point of view, con* 
nccting the efficiency of the quenching to the time which the quenching 
molecule needs to diffuse towards the activated molecule. The problem 
of the coagulation of soU by electrolytes was earlier treated in the same 
way by Smoluchowski.^ In both these cases the essential problem can be 
formulated as follow*^. At the beginning of an internal, the particles 
arc distributed at random ; how long would it take them to collide for 
the first time ? In this paper, we are interested also in another side of the 
problem : supposing that the molecules are in a stale of collision the 
beginning of an interx^l --how long would it take them to reach a random 

* J. Wells, , 1935, ai« 2J9. 

•S. I, Wawilow, Z, Pkysik, 1919. S3. <><>5. J- Franck, S. 1. Wawilow, 

ibid,, 1931, 69, 100. 

* Smoittchowald. Pkystk, Z„ 1916. 17, 594- 
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distribution ? The case of ** photochemical equilibrium ** which is dis- 
cussed in the next section, is one in which both sides of the intermittent 
collision-mechanism play an important r61c. 

(2) The Primary Photochemical Process in Solution. 

Atoms or radicals formed by photochemical dissociation in solution — 
e.g. by a process A* + A + A — arc, immediately after their for- 
mation, in the same position as two dissolved particles after a collision. 
They are in touch w'ith each other and imprisoned in a “ cage of solvent 
molecules. It was pointed out in a previous paper ^ that this situation 
offers the possibility of an immediate recombination of the dissociation 
products, called “ primal y recombination to distinguish it from the 
“ ordinary recombination of atoms or radicals distributed at random 
throughout the whole body of the gas or solution. The primar\^ recom- 
bination tends to decrease the quantum yield of dissociation below unity. 
Its occurrence is obviously connected with the intermittent tollision 
mechanism discussed in Part 1. If the mean number of collisions forming 
a set is ii, then the probability of a molecule-pair separating l)efore a 
second collision has taken place is i/m. It is often assumed that free 
atoms or radicals recombine at their first triple collision in gases, and at 
the vcr>" first collision in a liquid phase, Uruler these circuinstam cs the 
probability of a freshly-formed atom-pair esc.ipmg primarx* reromlunri- 
tion must be cqtial to l/«, and the quantum yield of dissoci.ition y = 
l/M< I. On the other hand, the interxMk between the sets being h 
times longer than the average collision intervMls in a corresponding 
gas, the mean *' expectation of life of an acttially separated atom-pair 
will be The stationary concentration of the free atom*' in the 

illuminated solution is given by the product of tlu: velocity of tfuar pro- 
duction and their mean life-time. The first liemg proportional to 
y I /ri, and the second to n, the concentration itself becomes indepemlcnt 
of the occurrence of primaiy* recombination, i.e. of the existence and length 
of the collision-scls. The kinetics of all photochemical reactions of which 
the velocity is proportional to the concentration of free atoms is therefore 
unaffected by primary' recombination, and no hints as to the amount of 
primary' recombination, can \>c obtained from ex{)rrimcnU m whi<h the 
stationary concentration of free atoms is measured. 

This conclusion is based on the assumption that the state of the 
atoms or radicals formecl by light absorption is not essentially' chilcrent 
from that of the same particles meeting accidentally in solution. Ibis 
is not always the case. In the hIkivc mentioned paper * the kinclic 
energy of the dissociation products was considered to be essential The 
absorbed light practically never exactly corresponds to tlie convergency 
limit of the band spectrum. The disstwnaiiori products possess therefore 
a kinetic energy in excess of the average thermal energy at room tem- 
perature. Wc suggested that this excess-energy' makes the phoitKhcmical 
dissociation “ explosive ” and permits the product.s to birak through the 
surrounding walls ” of the liquid and thus escape recombination. 
According to the law of conservation of momentum, however, this 
reasoning is correct only for the case? of the dissociation pnxlucts being 
heavier th^n the molecules of the solvent. Otherwise, the dissociation 
products, however high their kinetic energy may l>c, arc stopped or re- 
flected back by the first collision with a molecule of the solvent. A 
dependence of the pnmai:y» recombination upon tlic amount of excess 

* J. Franck. E Rabinowitch, Trmns. Soe., 1034, lSO» 
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energy— upon the wave-length of the absorbed light— may thus be 
expected especially in the case of solvents with very light molecules — 
for instance, water. As a matter of fact, a strong dependence of the 
quantum yield on wave-length is often observed in aqueous solutions. 

In the case of a solution of iodine in carbon tetrachloride, however, 
no such effect of the wave-length can be anticipated, because the mass of 
the dissociation [)roduct (1 12;) is les.s than that of the solvent 

{cru - 156) 

We have already applif'd this conchision ^ to show that neither the 
absolute value of the stationarv* conccntiation of free iodine atoms in 
illuminated iodine solutions in carbon tetrachloride and hexane, nor 
their independence on wave-length can be used as an argument against 
the occurrence of primary recombination in these solutions. 

One may think that the excited electronic stale of one of the 
iodine atoms formed photochemically may prevent it from primary 
recombination. No decrease in the quantum yield was, however, ob- 
served at wave-lengths longer than 5 <mk> A., i.e. in a region where the 
absorbed energy hiHonu*'^ in-uffK ient to produce an excited iodine atom. 

Summary. 

1. I’nder certain conditir^ns the duration of a single collision and the 
proliability of finding t'vo given mol<*cules in a state of collision is the same 
for two molecule.s in vjlution as well as in gaseous state. 

2. In this tlu* total number of collisions z btnween dissolved mole- 
cules and the average coUi.sion interval B are als<i unchanged by dissolution. 

V Even in these “ ideal ‘ soluti(»ns. an tmp<*rtant change takes place 
concerning the di^ttibuiion of the collisi<ui-intcr\ als The collisions occur 
tH stts. The aame mokn ules erdhde several times before separating, 
iand this collision set is followed by a corTes|>ondingly longer “ inter-set 
nterval/’ 

4. A mechanical rntnlel was con.structed which shows the rapid increase 
of the average length <if the sets with growing concentration of the particles. 
It i.s plausible that in tirdinary non- viscous solutions the average length of 
the M'ts is oi the order of 2 or 3 coHiM«»ns p<"r set— an estimate which is in 
agreement with the magnitude r>f the diffusion coefficients. 

3. With average sets of h ctdlisums each, the prolxibdity of a colliding 
pair sefxirating before a second collision takes place is i n. For atoms or 
radicals formed by phot<K hemical disscnnation in solution, this means 
a quantum yield of diss<x:iation y ^ I 'w < i. This decrease of the 
quantum yield by “ primary n«coml>inatum " is, lK>we\er. exactly com- 
pensated by an increase in the mean life-time of free atoms (which is eqaal 
to the '* inter- Md interval “b The stethonafv {oncentraiioft of atoms or 
radicals in an illuminated solutu.n is therefore independent of the occurrence 
of primiuy recombination. 

6. The kinetic energy of the prcxlucts of photochemical dissociation 
can help them to escape pamary recombination only if their mass «s much 
larger than that of tlie molecules ol the soKxmt. This t.s the case in some 
aqueous solutions, but not for instance in that of iodine in CX'l* (w^hich has 
been the object of our exj>erimenta) investigations). 

Our thanks arc due to Professor V. (i. Donnan, F.R.S., for the op* 
portunity he gave us to work in this laboratory and for his kind interest 
in our w^ork. 

7'Ae Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry, 

University College, London. 

*E. Ea binowitch, W. C. Wood, Trans, Faraday Soc., 1936, 3a, 547. 



CATALYTIC INTERCHANGE OF HYDROGEN 
WITH WATER AND ALCOHOL. 

By D. D. Eley and M. Polanvi, 

Received 2 gik May, 1936. 

L Introduction. 


In conjunction with the first observation of J. Horiuti and Polanyi 
of the atomic interchange between hydrogen and water occurring in the 
presence of platinum black,' it was noticed that the addition of acids 
increased the rate of reaction, w^hilc the addition of alkali causes it to 
slow down.* The effect of alkali is especially pronounced in the atomic 
interchange between hydrogen and alcohol, the rate of which is reduced 
four-fold by addition of N/io KOH. 

Since these effects of the nature of the solution on the rate of exchange 
were found to be reversible, it was concluded that the nature of the solu- 
tion was exercising a genuine influence on the rate of atomic interchange 
and that the rate-determining factor must be one in which hydrogen ions 
are formed. Assuming that the reaction proceeded in two steps 

Pt + |H, =-PtH (I) 

PtH + OH, - Pt- + HOH/ , . . (2) 


the authors concluded that it is the second step which determines the 


reaction rate. 

Further results * supported these considerations, proving (a) that the 
first order rate {k) of interchange in alkaline alcoholic solutions de(>cnded 


on the hydrogen pressure (p) as * oc 




and (b) that the effect of 


temperature on the rate corresponds to an activation energy of about 
10, (XX) cals. Both {a) and {b) show that the rate measured is not deter- 
mined by the diffusion of the hydrogen to the catalyst • and in addition 


the relationship k oc seamed to indicate a preliminary* equilibrium 

H, + 2Pt 2(Pt H) to be present corresponding to the first step of the 
above scheme.* 


More strength seemed to be added to this conclusion when it was 
furihes obser\'ed that the inverse proportionality of k to the square root 
of pressure also holds for the en2yroatic interchange between hydrogen 
and water. It was then suggested to measure the rate of the first step * 
by the use of the panihydrogen conversion and the D, + H, 2HD 
reaction.* 


^ Horiuti and fV)lanyt« Nalun, 1933^ 133. ^19. * Ibid,, 931. 

• Honjiti and IVdanyi. Proc. Manchesie^ Lii. PkU, See., 1934, 76^ 47. 

• See discussion, p. 1397. 

♦ A considerable amount of experimental work devetopinf these observations 

has been carried out in this laboratory by Professor J. We understand 

that Professor Horiuti will publish these results in the near future. 

* Bottomiey, Cavanagh and Polanyi, Suhtre, 1935, ij6» S03. 

nu 
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The present paper presents some observations carried out on this line, 
using a mixture of parahydrogen and deuterium and following the con- 
version of the para-H^ and the interchange of the deuterium in the same 
experiment. A similar technique has been successfully used simultane- 
ously by A. Farkas in a series of catalytic experiments about which a 
preliminary announcement hits been recently made. A. Farkas used 
ori/M?deiitcrium and observed tlie spin conversion and the interchange 
after the experiment. Two of his observations bear directly on our 
subject. He found absence of spin conversion when a sample of ortho- 
deuterium was contacted with water containing a platinum catalyst, 
while at the same time part of the deuterium was replaced by hydrogen. 
The same result was found with a bacterial emulsion. Farkas concludes 
from these observations that the atomic exchange is in both cases an 
ionisation process.* 


2. Experimental Technique. 

The atomic interchange was set up and controlled in the same way as 
in the earlier inve^stigations of Horiuti and one of the authors. Since 
this technique has not yet been descritied we will indicate its main points. 



Fiu. I. 


A quarts v«wel (S «» Fig. 1). which, including the tubing up to the 
taps T, and T,. had a volume ot 1 10 c c.. was attach^ to a v^uu^m ap- 
pamtus by two standard ground joints G, and which formed a bearing 
for shaking the vessel in a plane perpendicular to the paper . The vessel 


• W« <»anot cooiinrnt on thor esperiments as we do not know their e*^ 
details. However, we would draw attention to the fact that when toe 
ii not shaken, there is a str« ng probability that the dihu^on of gan to 
governs the rate. In this ev'ent the result rejxirted by Farkas ^^Id still 
obtained, while it would have no bearing on the true reaction rnechaniam. 
wish to acknowled^ the cemitesy of Or. A Farkas, w*ha, knowing 
gaged in this workTw refrained from investigating the problem any itirtner. 
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was immersed in a Dewar vessel containing ice, or water the temperature of 
which was kept constant by a cooling spiral or a heating coil wound around 
the neck of the vessel S (see Fig. 2). The temperature of the bath was 
measured by a thermocouple, indicated in Fig. i . 

The platinum catalyst (carefully washed with the solution under ex* 
amination) was placed in the reaction vessel and 10 c.c. of the li<iuid [i.e. 
water or alcohol or a solution made up with these liquids) was added. 
The system being then evacuated the mixture of para-hydrogen (in the 
earlier exp)eriments, normal hydrogen) and deuterium was introduced from 
the storage bulbBi, by means of the Toepler pump T# through the liquid 
air trap U|, and the total pressure read on the manometer M i. The vapour 
pressure of the liquid was subtracted from this reading to give the pressure 
of hydrogen in the reaction vessel. The shaking was done by the pull ot 

a string fmm a 



motor-driven 
eccentric, the 
usual frequency 
of 15-20 vibra- 
tions per second 
being contnilled 
by the tension in 
the springs fx and 
which were 
hxed to a frame. 
The hydrogen 
was introduced 
through tap T g 
after steady 


shaking had been 


reachcfd, the let- 


' ting-in of the 

1 to 2. hydrogen taking 

only about three 

seconds. .\ similar time was required to remove the greater part of the 
hydrogen through T, by means of the. diHusion pimip Pt into the evacniatetl 
three-litre bulb B*. The gas was then circulated through the liquid air trap 
by means of P| for thirty minutes to remove ail traces of vapour, and 
then either burnt in a copper -<jxide funiacc or ex|Hdled into an evacuated 
bulb attached to the ground-joint <*4. In the first case the* water so ob- 
tained was distilled and analysed for deuterium by the micropyknoraeter 
methfKi ’ — (this was the procedure in the earlier cx|>enmenis not using 
parahydrogen) -in the second case the bulb removed to the thermal 
conductivity apparatus and analysed by the methtxl of A. and L Farkas 
for />urrt-hy<lrqgen and deuterium content.* Some practical modificati<ms 
of ^ this meth(xi which were used in the measuranents arc described in a 
supplementary paper by Eley and Tuck * 


3. Preparation of Materials. 

Ethyl Alcohol. — The aldehyde was removed by refluxing with KOH, 
and after distillation it was refluxed with quick-ltme. Distillation off fresh 
quick lime gave alcchol with less than 0 3 per cent, water content. 

Hydrochloric Add,— 1,0 I. chemically pure HCI was diluted and twice 
distilled, the constant boiling mixture so obtained bdng diluted as re<iutre<l. 

Caustic Potaali Solutions. — Merck's pur© KOH was used. 

’ Gilhllan and Polanyi, Z, phyukal. CArm., A, 1^53. fdd, 254. 

* A. Parkas, /. phyL\k«d. , B. 1935, XJ, 344 : A. Farkas and L. Farkas, 

Proc. Roy, Soc.^ A, 1934 , 144 , 467 , 

* See page 1425. 
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The Para-hyilroftm/Deuttrium Mixture* — gg per cent. Dt gas obtained 
by electrolysis of alkaline DjO, was diluted with cylinder H, until it was 
about 4 per cent, in deuterium content and, after purification by passing 
through a heated palladium thimble, it was treated with active charcoal at 
the temperature of liquid air, to bring about a paro-H, shift in the usual 
way.** 

Platisium Black* — In all the experiments (with one exception noted in 
the tables : catalyst HI) this was prepared by reduction of H|PtCl* with 


Bspt. 


TABLE I. 


TABLE II. 



0*03 grm. IH black (la). 10 c.c. 
aqueous 01 Af HCl Partial 
Pressure of H, 140 to 156 
ram. Temp. 


J 

2 

3 

4 

5 

b 


19. II. 34 } jio : 0022 

I I 30 I 0*025 

{ .. . 42 I 0022 

i .. ! ! 0*022 

I j 30 I 0021 

; .. j 30 ( 0024 


0*03 grm. Pt black (la), 10 c.c. aqueous 
0*1 *V HCl. Temp. = o® C. 


7 

24 U. 34 

142 

30 

0024 

8 


313 

30 

0*013 



300 

305 

0*009 

10 

,, 

'35 

30 

0*076 

n 

,, 

35 

30 

0*069 

12 i 

j 

! 3^*5 

30 

0*060 

*3 


; 286 

30 

0*012 

M 

1 : 

I M 5 

30 

0*027 


formaldehyde, according to Huulxm-Weyl 11 iZweiU Anflage), p. 496, 
One gram of 1^(44 at a time was so treateil and the platinum black so ob- 
tain<xl was divided up by pipetting its susptuision in water. One-sixteenth 
of the yield wa.s the quantity usually used in the exchange experiments, and 
according to calculation it equals *03 gm . assuming the yield equals 100 per 
cent. 1‘hc pipetting method was ftunid to give a moilerately accurate 
division of the platinum black. 

The conditions under which the various experiments have been con- 
ducted ore given in the Tables. 

The Roman numerals 1. II. -L 

etc., refer to the l>atch “ of 
catalyst (obtaine«1 from i grm. 

PtCl4), w^hile the small letters 
6, etc., refer to particular 
specimens obtaine<l by sulv 40 

division of the Ixitch. ( are has 
been taken in the investigation 40 
of ail effects of pressure, tern* 
perature, etc . to keep check on 
the activity of the catalyst by 
inserting experiments under a 
fixed set of conditions between 
individual members of a mries 
under varied conditions. Fig. 3, 

Wherever the catalx^t has lieen 

disturbed/' r.g. in changing from one solution to another, the authors 
have assured themselves as to tlie rcwrsibility of the effect by returning 
to the original system. The order in which the experiments have been 
done may be seen from the dates given in the tables. 

*• Bonboeger and Harteck, Z, pkys:kal, Ckem,. B. 1929, 4, 122, 
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CATALYTIC INTERCHANGE OF HYMOGEN 


4 . EmMrlnMBtal RmhII*. 


In the Tables • the first order velocity constants of the atomk inter. 

1 c ^ 

change, kfy ^ j . 2*3 log are given in rain. and, where )^n»hydrogen 

I 

was used, the first order constants — y . 2*3 log are also given. 

C* and C, are the deuterium (D) or /:><irahydrogen (F) contents at the be- 
ginning and end of the experiment, respectively. We pr(x:eed in our rep<.>rt 
by commenting on successive parts of the Tables. 

Table I. shows the reproducibility of Ap when the reaction is repeated 
on one day several times. In Table II. it is shown that Ap increases with 
decrease of pressure in a manner similar to that shown in earlier experiments 
with heavy ht'drogen and alcoholic potash. The data can be approximated 

^ ^ovm in Fig. 3. 

A brief discussion of the part played by the purely ph^Tsical processes 
of dissolution and diffusion in determining the reaction rate might be given 
here. The rate at which hydrogen is dissolved certainly does not retard 
the reaction to any noticeable degree since we found that by using a large 
amount of catalyst (0-24 grra.) the velocity of conversion and interchange 
could be increased to much higher values than those quoted in the Tables. 
In two experiments made with aqueous .V HCl we found 


PsrtUl Pre«mrt 

! 

i T-C. 

1 

1 1 mini. 

1 Crnt. SiiHl 

I*«x Ont. Shill } 



ol Ht in mm. 

i ofp Hi. 

of I>. 1 

I 

into. *. 

imn,"*. 

100 

i I 

i ® i 

! 1 

! * \ 

•0 

i 

1 

i 

43'5 J 

0-50 

0 14 

77 

0 

1 

' » 

1 100 ' 

«7 ! 


; 0 25 


TABLE III. 


Expt. 

D«t«. 

1 fill min. 

' *i> in min.*'* 

0-03 grm. l*t black (la), 10 c c aqueous 

i*i . 

V HCl. Partial Prcjwure of 

H. 

140111m. 

Temp. 


>5 

* 7 - 2 - 35 

30 

0028 

16 


30 

0026 

003 grm, Pt black (la), 10 c c aoueous 

a; 10 KOH, Partial I-rwaurr of 

H. 

J40 mm. 

Temp. 

0^ C 

17 

24 t 35 

90 

0*0056 

18 


110 

00058 

10 

28. 1. JS 

93 

0-0064 

20 

29 I 35 

90 

0-0064 

21 

30. 1. 35 

90 

00057 

22 


92 

0*0037 

23 

4 2 35 

92 

(0-0032) 

24 


90 

0-0062 

25 


80 

0*0055 

20 

“ »• J5 

90 

0-0062 

^7 

n 2- 3,^ 

90 

0*0052 


The part playtnl by the pnticess o( 
difiiision of the hydrogen to the 
catalyst cannot be eliminated com- 
pletely but our main conclusions are 
not aliected by this uncertainty. 
Taking constant quantities of cata- 
lyst the diffusion rate should not be 
affected by the Ht'l or KOlf added 
to the solvent, and the rate expresMxi 
in a first-order constant should be in- 
dependent of pressure while its tem- 
perature coefficient should he mainly 
that of the solubility of hydrogen 
divided by the viscosity. 

It folkiws that variations found 
in the reaction rate caused by the 
addition of HCl or KOH to the stdu- 
tion are due to genuine alterations of 
the reaction rate and that where the 
reaction in considerably slowed down, 
the induence of dtfifusiem will be 
negligible. It loUows further that 
anv vaiiatiofi of Ap or kp with pressure 
indicates genuine alterations in reac- 
tion rate, and here again, the slower 


* In the Tables Ep is the activation enetv)^ in caloriei for the interchange re- 
action. calculated from the temperature coemcknt of the velocity constants ac- 
wrding to the equation of Arrhenitts. £p is the same quantity for the 
hydrogen conversion. 
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j4300 cals. 


£p 

4500 ±600 cals. 


reactions (»>«. those at the high pressure end)* can be Qn]3r slightly in 
fluenced by the didusion pnicess. 

If the rate of diffusion were governing the reactkm velocity* the cm- 
stants and kf would have a smidl temperature coedicient corresponding 
to activation energies of 3400 cals, for both water and alcohol Since the 
measured activation energies are in excess or these values we may again 
conclude that the influence of diffusion is not predominant. These argu* 
meats could be amplified further, but we feci that, taken in conjunction 
with the evidence presented in Section 5. they form a safe basis for our later 
conclusions. 

Table ill. shows that Afu is about four times smaller in aqueous N/io 
KOH than in aqueous N HCl 

Table IV. gives exlen.sive evidence on the activation energy of atomic 
interchange in 

aqueous solutions. TABLE IV. 

The average value 

for the activation j. | 

encrKY for N/to “‘P* ioiSi.-i 

KOH IS 4800 cal. J ! ! 

with an uiicer- 

faintv of + «if» ° ^ '*“*• ‘O c t aqueous -V/io KOH. 

S widX «■ - ”” 

tion the activa- a8 i.i. 35, o j 90 00064 he 

tion energy is *9 " ! 0 0094 f .foo cals 

slightly higher. ^ “ j ^ 

th«r average b«ng 3 ^ ' ; ,7 | 30 00106 j ^ 

6400 cal. to which ^ i 17 ! 45 ooui , 

an uncertainty is 3^ 17 \ ^5 0 011 1 4 500 ±600 cals, 

attached, similar 35 „ I o 80 ooobi 

to that lor alka- 56 12. 2 35 « o <28 0*0055 U 

line solutions. 37 •. ‘ 45 

Table V. gives 3 « : - 45 0 0097 j 1 5000 cals, 

a .series of mea- *1^ *' , o ! 90 • 0*0055 1; 

surements com- black (lla), 10 c.c. aqueous i i .V HCl 

(>aring the rate i'artial Pressure* of H| - 150 mm, 

of parahydttMien 

conversion with ; ^7 7 35 J o j 30 1(0-040) 1 

the rate of atomic ^ i In I n U 

interchange in ^ o*o(>9 1 j 7000 cals. 

a(|ue<.>us solutions. o ‘ j 0 032 j j 

In every case 45 18 r \o oosS 

» greater th^V 4 ‘> j ’ iH | i-S-j 0-054 1 19, ”00 cals, 

but only by a 47 • ; ' 30 0027 r 

factor i-3. 01>- 48 ^ 7- J5 ! « 30 10045 ;)£„ 

servations of 49 .. j »7 -* i *5 t '>'04<» ! j ojoo cals, 

Bouboefter. Bach '• . o i 30 < oon J 

and Fajana ‘‘ have yaej, (lla). aqueous i-i .V'lo KOH. 

shown that the |^>artial l*ressure of H, 147 mm, 

rate of torahydro- 

gen convmion on -J* ^3 7 35 o ^ 

nickel catalysts i# * ,! ' » ^ i 00051 13400 cats. 

three times ' i 

greater than that — 

of the reaction^Hg -f I), 2HD, We can, therefore, assume that the 
#>urahydrogen conversion and the interchange are both due to the same 
reaction, while attributing the ratio to the higher rate of reaction 
of H* as compared with HD. 

pkysikpl, Ckm. A, 1934, 168, 313 * E. Fajaits, Z, pkysiktU. Ckpm., B, 
*935. 239. 


28 1. i. 35 

0 : 

90 

o*oo()4 1 

ag .. i 

15‘4 i 

30 

0*0094 j 

50 .. i 

0 1 

90 

0*0059 I 

3* 7 i 35 ! 

0 i 

90 

00073 1 

3a M ; 

*7 

30 

0*0106 : 

33 4. ! 

t7 i 

45 

OOUI ] 

34 .. . 

17 

45 i 

0*011 1 

35 ♦ 

0 

80 

0*0061 i 

36 12. 2 35 ? 

0 

98 i 

0*0055 j 

37 .. ‘ 

28*6 

45 

oox \ 

38 : 

ISO 

45 

0*0097 i 

39 ’ .. i 

0 1 

90 

i 0*0055 1 


j 5000 cals. 


0*03 grm I't black (lla), 10 c.c. aqueous i i .V HCl 
Partial Pressure* of H| - 150 mm, 

40 : 17 7 J5 : o j 30 1(0-046) j 

4« > 1 15 i 0-075 \] 

44 1 -- 01 30 0034 ! 1 iio 

43 .. ; i 15 o-o(>9 ; [7000 cals. 

44 o I 30 0034 jJ 

45 i'** 5-5 o 30 0 048 i I p 

3“ i •• ''*1 *«-5 0-054 ;(9®oocals. 

47 ; o ! JO 0027 )> 

48 20.7.35! o ■ 30 10025 llir„ 

i i I'o'foocals, 

50 „ I O I 30 1 0*022 i' 


■to- 7* 35 


! o*<>75 
0032 
oo(>9 
0*032 
0028 

1 o *<554 

0027 
! 0025 
! 0*04 (> 
1 0*022 


to 

7000 cals. 


j 1 6100 cals, 
i 1 0200 cals, 

t / 


0 03 grtn. black (Ua). aqueous i r *V to KOH. 
I^>artial l*ressure of H, 147 mm. 


l^*artial l*ressure of H, 
i J- 7 35 1 o 1 90 


; 0‘<x>5g 
j 0*0098 
i 00051 


li?B 

1 5400 cab). 
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TABLE V.* 


Bxpt. 

1 

Date. 

PsrtiMi 
Preuun i 
of M$t miTii 

1 

1 to 
mill. 

in mto,*^ 


0-03 grm. Pt black (HA) a 
Temp. ( 

54 1 26. II. 35 I 245 1 

55 1 - 1 ^45 1 

K|ueous N/xo KOH. 

1 85 1 0-006 1 0*011 
45 1 0-004 1 0*013 


0*03 grm. Pt black (lib), aqueous N HCl. 
Temp. = o® C. 


56 

29* 11 35 

1 Mb 

34 

0-02 

57 

,, 


19 

0-029 

5 « 


t 265 

44 

0*02 X 

59 


653 

60 

1 0-017 


The same conclusion 
can be drawn from the 
data of the next section* 
referring to alcoholic solu- 
tions. In the course of 
these experiments the de- 
pendence of the reaction 
rate on pressure and on 
temp^ture has been re- 
examined, to link up our 
results with previous ex- 
periments and with the 
extensive unpublished 
0 047 work of Professor HoriutL 
0-048 Wc found that our system 
0-046 behaved in a similar 
0-05 manner to those observed 
previously. The rate ob* 
scrv^ed in alcoholic potash 
decreases with increasing 
pressure (Tabic VI. 6), the 
observations being best 
represented (Fig. 4) by 

bp flc ~ . The activation 

energy of the interchange 
reaction (Table Vl.r) ob- 
served in the same solu- 
tion gives an average of 
8500 cai. which is de- 
finitely higher than in 
aqueous solutions, though 
somewhat lower than the 
previously observed value 
of 10,200 cal. 


0-03 grm. Pt black (lib), aqueous N HCL 
Temp. = o® C. 


60 

1 T. 5. 36 

1 80 

1 

1 0-022 

1 0034 

0-03 grm. Pt black (IIA), aqueous ///lo KOH. 


Temp. s=t 

0® C. 



6x 

7 - 5 36 

81 ^ 

1 49 

[ 0-0064 

j 0-017 

62 

- 

81 I 

1 08 

I 0-0055 : 

1 0013 

0-03 grm. Pt black (IIA), aqueous *V 

HCl 


Temp. »* < 

0® C 



63 

8. 5. 36 

84 

22 

0035 

0-087 

h 4 


86 

21 

0*017 

0055 


♦ In these experiments a mixture of 6 per cent. 
HD molecules and about 35 per cent. was used. 



FlO. 4 * 

* Nai0 MUsd im proof. — In Fig. 4 the average of Expta. S3, S5* S6 and 9’ 
taken as An 0*001 i. Actually it is A^ «« croof tS, and the true point is some- 
what lower. The correctioii is within the exptb error, and does not allect our 
statement. 



D. D. ELEY AND M. POLANYI 


1395 


In none of the ex- 
periments recorded in 
Table VI. is there an 
excess of ^rahydrogen 
conversion over the 
interchange reactions 
which goes beyond the 
factor 2-3 found in 
aqueous solutions. 
The ratio k^tkj, is. in- 
deed« mostly near to 
unity. We can offer 


TABLE VI. (a).* 


Bxpt. 


Date. 

Partial 

Pteseure 

t in 

*oto 


ol 

min. 



0-03 grm. Pt black ( 116 ). 98 per cent. C.H.OH + 
2 per cent. H, 0 , Njio KOH. Temp. o® C. 

^5 


66 


10. 5. 36 

82 

too 

* 9 

82 

85 


0*004 

0*0044 


variations of 

67 

10. 3. 36 

«9 

1 5 0*029 

some of which might 

68 

10. 5. 36 

89 

9 0*029 


mental errors. 

Our main conclu* 
sion is that variations 
in are mainly parallel 

to variations in over 
the whole range of 
about 1 00- fold varia- 
tions of caused by 
concurrent changes in 
the nature of the 
liquid, the pressure 
and the temperature, 
and including (in the 
case of catalyst 111 in 
the experiments re- 
corded in Tables 
Vl.c] some pcjisoning 
of the catalyst. Our 
present methods can- 
not be used to follow 
any wider variations of 
the reaction rate. 

5* Compasiaon of 
the Forogolng 
Results with 
the Atomic la- 
tsrehaags of 
Hydrogsa with 
Bsoxsns. 


0*012 
0*010 

0*03 grm. Pt black (II 6 ), 100 per cent. 

(H ,0 < 0*3 per cent.). Temp. 4= o® C. 

0*093 

0*038 

0*06 grm. Pt black (Hr), 98 per cent. C^,OH -f 
2 per cent. H, 0 , V/io KOH. Temp. === o'" C. 

0*013 
0*019 
0*013 
0*022 
0*014 

0*03 grm. Pt black (HI. prepared by reducing 
l*tO, with H, gas), xoo per cent. C.H.OH. 
Temp. « o® C. 


69 

1. 12. 36 

178 

16-5 

o*or6 

70 


x8x 

35 

0*009 

71 


176 

97 

o*oo8 

72 

99 

20 

12 

1 0*029 

73 

** 

185 

52 i 

1 0*014 


7* 

5 * 36 

U 5 

70 

00057 

75 1 

1 

M 7 

70 

0*0057 


0*03 grm. Pt black (III), 98 per cent. C,H*OH *f 
2 per cent. H,0 (water added by pipette, vessel 
immediately pumped out). Temp. » o® C. 

7h 
77 

003 grm. IH black (HI), 100 per cent. C^H,OH 
(from fresh batch : t catalyst well washed). 
Temp. o* C. 


10. 2. 36 j 

M 7 

41 

0*0027 

.. i' 

M 7 

54 

0*0027 


78 

10. 2. 36 i 

149 

80 

o*o86 

79 

j 

M 9 

96 

0*078 

80 

19 2. 36 1 

127 

10 

0*068 


0*196 

0*03 grm. Pt black (HI), gS per cent, C,HjOH -f* 
2 per cent. H, 0 . Temp. s« o*' C. 

8r I 19. 2. 36 1 1x5 I 41 1 -- I 0*09 

0*03 grtn, Pt black (HI). 98 per cent, C^H^OH -f 
2 per cent. HjO -f Sjio KOH. Temp, o^ C. 


Any suspicion that 
an actual excess of the 
rate of pamhydrogen 
conversion over the 
rate of interchange 
above the normal 
factor mig^t be oon- 
ceated by some un- 
known feature of our 
experimental tsch- 
oique seems to be re- 
moved by the followiiv 


8a I 20. 2. 36 1 1 15 I 7 * I 0*0034 j 0*0077 


• In these experiments a mixture of 6 per cent. HD 
molecules and about 35 per cent. pH, was used. 

fThe large (i2-fold| increase in velocity constant 
observed here appears to be due to activation of the 
Pt black on admission of air. It would appear that the 
reduettoD of PtO, by H, at aoo^ C. has yielded a pre- 
potion lew active than that obtained by HCnO, 
This action of air it borne out by the fact that ad- 
misrion of air to Pt black (prepared with formalde- 
hyde) often leadi«; to a transient increase in catalytic 
activity. 
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observations on the system Hi -f 003 grm. Pt black (II&) + 10 c.c. 
benzene.** In two experiments we found : — 

The ^rahydrogen conver- 
sion is found to go 20-30 times 
as fast as the interchange. This 
result conhrms the assumption 
made previously that the dis- 
sociation of Ha into atoms is 
faster than the interchange with 
benzene. At the moment we 
only wish to emphasise the fact 
that we have here obtained a considerable excess of porahydrogen con- 
version over the interchange reaction, thus proving that our experimental 
procedure d<K*s de- 
tect an excess when 
it is present. 

Dlscuraion. 

We restrict our- 
selves to a quite 
provisional state- 
ment of the theo- 
retical implications 
of our results, be- 
cause other lines 
of investigation 
carried on in this 
laboratory, especi- 
ally by the use of 
polarised metal sur- 
faces, indicate that 
the phenomenon of ionisation is too complex to be interpreted on the 
evidence of our experiments only. 


TABLE VI. 



1 Ptrtial ; 

< in 
mia. 

j *0 in min.‘'^ 

Kxpt. 

1 

l>Ate« { }*r«(nure 
j ol Ht» mm. I 



0*03 grm. 1*1 black (III, somewhat powwmed). per 
cent. CjHiOH 4 z f>er cent. HgO, Njio Kr)H. 
Temp. o'* C. 


83 

12. 3 

3 f-^ 1 

35 

«J 7 

000 1 3b 

0*00176 

84 


1 

120 

380 

0‘000456 

0*000 H95 

85 

U 3 

3 <> 

35 

207 

0*001 1 1 

0001 17 

»6 

10. 3. 

3 b i 

35 

3 - 2 * 

0-00119 

OO0117 

87 

.. 

1 

J8 

189 

0*00151 

0*00! 19 

8H 1 

i *8. 3. 

3 b 1 

630 

707 

0*000207 

0*000274 

8<> j 

10 3 

3 b 1 

0 

78 

0*00279 

000 137 

00 

1 20. 3. 

3 b J 

21 

i 228 

0-001 26 

o*ooo <>85 

1 

1 20. 3. 

3b 1 

1 

35 

^^5 

0*00108 1 

j 

000076 


Partiftl 





Pressure of 
Hf in mm. 

r*c. 

Imins. 

kp. 

2 p. 

47 

19 

32 

0079 

0-0029 

120 

1 19-5 

12*5 

0-065 

0-0024 


TABLE VI (f) • 


Expt. ; 


Panut 


r c. 


i t in 
I min. 





003 grm. I^t black (HI. ,v>roewhat ^^taoiied), 98 per cent CiHiOH 
r i per cent. HiO, .V / 10 KOH 


9^ * 

! j 

* 3 - 3 - 3 '> 1 4 » 1 

i i 

j 20 : 

[ 1 

*73 ! 

0*00282 

i 0 00307 1 

, % 

93 j 

.. ! 39 

! 22 j 

201 i 

1 0‘002e>6 

f 0*00381 

1 > 

94 

1 34 1 

1 0 ! 

216 1 

0*00086 

1 0*00142 ! 

iJ 

95 

26 3. 36 j tOif 1 

i ' 9 -i 5 ! 

261 

1 0*0012 

! 0^0026 , 



1 «09 

> 0 I 

9*5 

1 0-00029 

0*0008 j 

i 

97 

,, 1 iw> 

i iH'i 

»43 

1 o-oou 

0*0026 

1 r 

98 

1 

1 t 09 

i 

! ^ 

650 

j 0-00036 

0*0009 

J 


Hooocak 

‘ 0500 caU. 

qooocaift. 
i: 5 ^ 


• In these experimenta a mixture of u per cent. HI> moleculra and about 35 
per cent, pli^ was used. 

t For the calculation of £p and Ep expt, 91 waa uaed in addition to tlie 
expts. in Table VI. (r). 

*»Cx>mf)are Horiuti. Ogden and Pblanyi, Trans. Tnraday Sac., 1934. JO* 

** Horiuti and Polanyi, Trams. Faraday Sac., 1934, nb4. 
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Since the rate of parahydrogen conversion is 2-3 times in excess of the 
interchange rate between HD and water or alcohol we assume that the 
conversion is essentially the same process as the interchange, the rate 
being somewhat higher because reacts more quickly than HD. There 
is no evidence of a preliminary equilibrium H^ 2H corresponding to 
the ** first step ** in the mechanism quoted in our introduction. In con- 
sequence, the rate-determining process must be the splitting of the 
H, molecules. This splitting is influenced by the nature and acidity of 
the liquid, which leads us to the conclusion that the products of the H, 
dissociation (or, more exactly, the transition state leading to them) 
are profoundly influenced in their energy by electrostatic interaction 
with the ions of the liquid. I hese products, therefore, cannot be homo- 
polar H atoms but must he H ions or alternatively H atoms in a strongly 
polartsccl state, eg. participating in a strongly polar Pt — H bond. 


The previous interpretation of the pressure dependence oc 


pn 


where n is al>()ut 0*5 can no longer be \tpheld. This function should be 
explained resulting from the adsorption isotherm of the Hj molecules 
(or, more accurately, of the molecules in the transition state) and not 
as tlje equilil^rium constant of the reaction 2H.* 

bin ally, it is interesting to note the rcl ilionship between reaction 
rate and activation e .ergy when comparing .V HCI and N/ro KOH 
solutions, in water. The reacti(*n rate in the former is about 4 times 
greater than in the latter, while tlie activation energy is about 1600 cals, 
smaller for the slower reaction. The variation in the reaction rate is 
thu." seen to be dominated by the changes in the temperature independent 
Ticttjr. A similar effect his been obser\a*d by Protessor Horiuti for the 
addition of KOH to 98 per cent. CjHjOH -i- 2 per cent. H^O, 


♦ Hefererict' should nue!t' the recent paper <»f J. H^)nutj an<i (». Okamoto 
{St at (h^ i'f and ChtmuaJ iiesearch of Japan, 

JH, 231a whuh contain^ a pr<du»<.natv on interchange reactions catalyseci 

hv an anodic aUv p>lariM*d nu kei sh*-?*! and liet.ols of mea-suivments of the electro- 
Ivth: separation factor <d H and “U catlnnk's coiiMSting of \anoiLS metals, 
iloniiti suggests .‘w>nie new concept of the process s involve<l, which we will discuss 
at a later stage of this enquiry 


THE ELECTROLYTIC DISSOCIATION OF HEAVY 

WATER. 


By \V. F. K. Wynne- Jones. 


Receivtd 8/Ji June, 1936. 


In a prcHmindiy communication * it was reported that the ionic 
product of heavy water )< atmut onc-ihird that of ordinary- water; the 
work has now been brotight to a conclusion and the revised value for 
the ratio is i /y 

The method employc<l »s to measure the e.m.f. of cells of the type 


H, 


KC) 

dil HCI 


sat KCl 


K^l j 
dil KaOn I 


H,. 


• Topley ant! Wynne-Jone«. 19J4. 134, 574, 

48 




1398 THE ELECTROLYTIC DISSOCIATION OF HEAVY WATER 

Such cells of course give rise to a liquid junction potential, but the un- 
certainty of this is not sufficient to make the results unreliable and 
there is much evidence that when the liquid junction is properly con- 
trolled data obtained by this method agree excellently with those from 
methods which have the theoretical advantage of avoiding liquid 
junctions. As Guggenheim* has pointed out, the e.m.f. of a cell with 
liquid junction can be written 

E = E^i + £g + -Ed 

w'here is the difference of the electrode potentials, is a “ salt 
effect ” and Zip is the diffusion potential calculable by the equations 
of Planck and Henderson. cannot be unambiguously separated 

from but it will vanish at infinite dilution and may therefore be 
eliminated by extrapolation. In a cell of the type used here both 
and Ep are small since the solutions in the two halves of the cell are 
practically identical. 

7 'he greatest difficulty encountered in the work was the preparation 
of the solutions since the amount of heavy water available, though 
large for this substance, was insufficient for the use of ordinary volu- 
metric and analytical methods : the method finally adopted was to 
add weighed amounts of concentrated solutions of acid and alkali in 
ordinary water to weighed amounts of heavy water. 

Since the final concentrations of acid and alkali were small, the 
percentage of light water introduced by this procedure did not exceed 
0-2 per cent. . t . 

As it is of interest to compare all the thennodyruimic properties 
rehitive to dissociation and not merely the free energy change, it was 
decided to measure the temperature coefficient of the dis.sociation con- 
stant and measurements were made at 15^^, 25*' and 35^. 

Experimental. 

The electrical equipment consistexi of a Queen jx>tentiometer with 
winch readings could lx? made directly to 002 nnlhvolt. a l.etxls and 
Xoithrop high sensitivity galvanometer of 570 ohms rrsistanc<r, and a 
standard cell which was rcfieaUxlly checked against a set of standards 
Ix'longing to lYofessor G A. Hulett. The apparatus was all placed on 
an equipotential shield a.s rec<imraendtnl by White. ^ The jxffentiometer 
was calibrated by the makers and checked during the course of the work 

Three thermostats were u..ed and the tcmiK‘raturcs which were con- 
stant to 0 01°. were read on thermometers which had been originally 
calibrated at the Physikalische Reichsanstalt and rechecked at the 
Bureau of Standards ; the ice ^ints of these thermometers wTre deter- 
mined during the course ot this work and the appropriate <x>rrcctions 
ap])hed to the* readings. 

JTie cells were made in one piece with a suitable arrangement of taps 
so that the liquid junctions could Ix' made in the manner pro}x>«ed by 
1 . nmack and Guggenheim * and without exposure to the atmosphere. 
Bach half-cell contained about 3 c.c. of s«>lution and the liquid junction re- 
quired alx)ut 2 c.c. The cells were of l^rcx glass except for the tulxs 
carrying the el^trcxles ; these tuWs. however, did not come into contact 
with the solutions. It was found ]x>ssiblc to make measurements on 
one cell successively at the three temperatures without the necessity of 
bubbling hydrogen at each temperature : this was effected by making 

*GuggenheiiTi, /. Physic. Chrm., 1030. 34. 175H. 

White, y. Amer, Chem, Soc.^ 1914. 36^ 2011. 

Unmack ami Guggenheim. i>w. KgL Dansk Vi^. Stlsk., 1930, lO, 
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the first measurement at the lowest temperature, closing the taps con- 
necting the liquid junctions before transferring to the next thermostat 
and at intervals momentarily opening the taps connecting the saturated 
KCl bridge and the hydrogen electrodes to the atmosphere. Cells treated 
in this way agreed to a tenth of a millivolt with cells equilibrated in the 
usual way. All cells kept constant in e.m.l. to 0*05 millivolt for at least 
I hour after the liquid junctions were made. 

The hydrogen electrodes were made of platinum foil covered with a 
black deposit according to the instructions of Popoff, Kunz and Snow.» 
Before a measurement with heavy water the electrodes were dried with 
filter paper and washed with a few drops of the solution to be used in the 
cell. 

The hydrogen (protium) gas wras obtained from a cylinder and was 
passed through a tul>e containing active copj^r at 500® ; the deuterium 
was prepared from pure D,0 in an electrolytic generator which had pre- 
viously been run tor a sufficient length of time to get rid of traces of light 
hydrogen. 

The acid solutions were made up from con slant- boiling hydrochloric 
acid ; about o*oi gm. of acid was introduced into a special fiask and suf- 
ficient KCl added to make the required ionic strength ; about 10 c.c. 
of heavy water were then distilled directly into the flask and its amount 
determined by weighing. The alkaline solutions were similarly prepared 
from a concentrated solution of NaOH which was standardise against 
the constant boiling acid In the earlier experiments the acid and 
alkali were weighed directly in the xes.sel u.sed for the solutions but it 
was found to Ik; botli quicker and more accurate to use a micro- pipette 
of tile tyi>e devi.sed by Linderstrom-Lang and Holter : * such a pipiette 
can efisily In; made to ileliver o‘oi c.c. with an accuracy of 0*2 per cent. 

The heavy water was prepared elcctroKq^ically and found by Dr. 
P, W. Selwo<xl to have a density of 11079 at 25° ; it was distilled in a 
current of nitrogen consecutively from alkaline ]>ermanganate and barium 
oxide in an all-glass apparatus, the final distillation being direct into the 
weighing flask. The density of the water after it had been in use for a 
month w'as 11070. 

Results. 

In Table I, the first column contains the value of the ionic strength, 
the s^^cond gives the appro.vimate concentration ol acid and base, the 


TAUM' I. 


f*' ; 

‘Jl)* > 

t 

( 

~ log A’ 4 

'i 

H,0 1 

i 

i * 

0-1503 1 

' i 

; i 

ovK>t>8 

! 

15 0-5600 


[ 

-’5'‘ 0-5587 

14-177 


; ! 

! 

55' o- 557 ‘» 

13 

j 

! 0-0972 i 

0-0082 

25' o* 5<'03 

14105 


i 

' * 

35’ o-itSi} 

13 79 ^ 


003 7(. 1 

0*0017 t 

^5"" 0-4937 

M -373 



1 

j 

i 5 " 0-4903 

14-029 

D,0 

0*1003 1 

00057 . 

IS* 0-5990 1 

15-283 


1 

i 

^ 5 ° 0-5076 

14-916 



1 

35 *' o-596» 

» 4-583 


0*0855 

j 0*0049 i 

15 ° o- 59 it 

15-278 

j 



1 25"* 0-5908 ! 

M' 9«3 



1 j 

35° 0-5900 

M -583 

1 

0*0422 

i 0-0024 1 

>5° 0-5578 

15-201 

1 


1 

*5' 0-5554 

14-839 



i ' ^ 

35 “ 0-5532 

• 4-503 


* Kanx and Snow, y. Fkysu. C^m., 1928, 33, 1056. 

* Linderstrfim^Lang and Holier C.R, Lab, CarUberg, 1931, 19, 4. 
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third the e.m.f. and the fourth the value of — log K zAV it. The first 

half of the table gives the results 
TABLE II. — Ionic Products or HjO tor ordinary water which aff^ord 
AND D,0. a criterion of the reliability of 

the method, and the second half 
gives the results for heavy water. 

In Table II. are given the 
values of the negative logarithms 
of the ionic products of H,0 and 
D,0 at zero ionic strength ; these 
values are obtained by extra- 
polation and are expressed in 
volume concentration units (moles per litre). 


fc . 

H| 0 . 

D|0. 

15 

14*35 

15-08 

25 

14-00 

14-71 

35 

13-69 

* 4*37 


Discussion of Results. 


For convenience in calculation the concentrations have been ex- 
pressed as gram-molecules per kxk) grams of solution ; for the final 
values of the ionic product however transposal to volume units has 
been made by multiplying by the square of the density of water, H^O 
or D* 0 , at the temperature of measurement. There is usually some 
ambiguity in the significance of free energy differences when tlie solvent 
is changed and Bell ’ has pointed out that it is impossible to decide the 
units in which the concentrations should be expressed ; here, however, 
the ambiguity is slight .since owing to the virtual identity of the molar 
volumes of H2O and D2O the free energy difference is the same whether 
the concentrations are expressed in mol. fractions or in volume units. 

The values of the ionic product jU zero concentration have been ob- 
tained by plotting — log K •+• agaiast ft ; K h the ionic produt t 

at the ionic strength ft and A is the constant of the Debye-Huckcl ox- 


pre.ssion and is equal to . Vzd. The values of A employed 

are given below ; for their computation the data of Lew^is and Macdonald • 


for the expansion of DjO and of 
Lewis, Olson and Maroncy ^ for 
the dielectric constants were used. 

In Fig. I are plotted the values 
of log K against l/ 7 ' and the 
data of Harned and Hame** 
for ordinary' water are included. 
The difference in the slopes of 


r*. 

H, 0 . 

D/). 

*5 

o- 49 t» 

0-511 

25 

0-504 


35 

w‘ 5*3 

«>*535 


the curv'es for HjO and DjO corresponds to a difference of 940 Cals, in 
the heats of ionisation of these compounds wherea.s the difference in 
their free energy of ionisation is 970 Cals. : it is evident that the en- 
tropies of ionisation mu.st be practically identical. If wc assume exact 
equivalence of the changes in free energy and heat of ionisation, we 


can represent the dissociation constant and the heat of ionisation of 


heavy water by equations similar to those used by Harned and Hamer, 
altering only tlic first term to correspond with the difference in the heats 
of ionisation of ordinary and heavy water 


log iC — 47^7*3/^ ~ 7*1321 log T — 0-0103657 -f 22*801 
A// « 21,926 — — 0*047467*. 


’ Bell, y. Chem. Soc., 1932, 2905. 

• Lewis and MacDonald, J, Amer. Chem. Soc., 1933, $5, 3057, 

• I^wis, Olson and Maroney, /. Amer. Chem. Soc., 1933, 55, 473*. 

named and Hamer, J. Amer. Chem. Soc., 1933, 2194. 
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These equations arc, however, cumbersome in use and necessitate 
elaborate tables for their accurate application since ordinary tem- 
peratures are far removed from the absolute zero ; we have therefore 
preferred to represent our results by the equations 

H, 0 . log K = I4-OCX) — 0-0331 — 25) -f 0-00017 — 25)* 

A// == 13,450 - 4?*8 {f ^ 25) 

DjjO, log K =» 1471 0*03544 [e — 25) + 0-00017 — 25)* 

AH = 14,420 — 42-8 (e — 25). 



These equations arc, of course, purely empirical interpolation formulae 
but they reproduce the data of Hanicd and Hamer with an accuracy 
of about I per cent, within the range to 50® C. 

It should be noted that the difference in the heats of ionisation of 
HgO and D^O is determined with greater accuracy than would appear 
from the possible errors in the dissociation constants. This is because 
the change in the dissociation of water with temperature can be ev^^luated 
directly from the temperature coefficient of the acid-base cell without 
a knowledge of the concentrations, and the liquid junction potentials 
are substantially independent of the temperature. We are thus able 
to say that the error in the difference (AHp,o ~~ AWato) probably 
less than 50 calories. 
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Abel, Bratu and Redlich^^ have recently published the results of 
a determination of the ionic product of heavy water using a cell without 
liquid junctions. They developed a very elegant micro-technique 
which enabled them to work with much smaller quantities than were 
employed in this work. Their results which were obtained mainly at 
21® refer to mixtures of HjO and DjO and by extrapolation they de- 



2 . 


duccd that the 
ratio of for 

H ,0 and D ,0 is 
6-27 : on the as- 
sumption that the 
ratio is the same 
at 25® their value 
of for DjO at 
25® would be 
1-6 X how- 

ever, their results 
are expressed in 
molalities and in 
order to convert 
to tlie volume con- 
centration scale 
wc must multiply 
by (M079)*, i.e,, 
1*227 ; their value 


then becomes 1*96 > in excellent agreement with ours. 


In Fig. 2 arc shown the data of Abel, Bratu and Redlich for mixtures 
of H2O and D| 0 . The ionic equilibria in these mixtures are quite 
complicated since there arc two forms of hydroxyl ion, three forms of 
water and four of the hydroxonium ion ; nevertheless the almost linear 


relationship between log and the mol. fraction of heavy water sug- 
gests that the energies of ionisation form an arithmetic series. 


Summary. 

The dissociation of heavy water has been determined from measure- 
ments of electromotive force at 15^. 25'^ and 35’^. At 25*^* the ionic product 
of heavy water is 1*05 x io“>* w^hile that of ordinary water ts i*o x 10-**. 
From the temjKTature coefficient the heat of ionisation is calculated to 
be 940 calontis greater than that of <>rdinary* water and thi.s difference 
exactly accounts for the difference in the ionic prexiucts. 

This work w'as carried out at Princeton University, New* Jersey, 
and w*as begun in collaboration with Mr. B. I'opley of University College, 
London : unfortunately, owing to Mr. Topley’s departure from Princeton, 
the work had to be completed without the advantage of his co-operation. 
The inception of the work was due to him and his help in the early 
stages was invaluable. 

I also wish to express my thanks to Professor H. S. Taylor, F.R.S., 
for his great kindness in placing the resources of the Frick Chemical 
Laboratory at my disposal, and to the Lcverhulme Trustees for the 
award of a fellowship. 


The University, 

Reading 

“ Abel, Bratu, and Kedlich, Z. physih, Chem., 1933, 173, 353. 




MIGRATION OF CAESIUM ON TUNGSTIC OXIDE. 

By L. Frank. 

Received \ 2 ihyune, 1936. 

§ 1. Introduction « 

There has recently been much investigation of the photo-electric 
properties of monomolecular films of alkali metals on semi-conducting 
surfaces (such as oxides, salts, etc.), but comparatively little is known 
about the adsorption process itself. Though this adsorption may of 
course differ widely for different bases and alkali metals we might expect 
to find some features of a general nature, the differences being more or 
less quantitative. 

The starting-point of this paper was an observ^ation made in this 
laboratory^, that a .surface of iron oxide as is u.sed in a Kunsman source 
became photo-electric when bombarded with caesium atoms and that 
the total photo-elcctrio effect decreased with time after cessation of 
the bombardment. Various reasons might be ascribed <is the cause of 
this decay, e.g., the deposition of layers of gas on the surface, or the 
re -evaporation of the alkali metal ; this paper shows, how'ever, that this 
phenomenon can only be satisfactorily explained on the assumption of 
a migration of the caesium into the mass of the oxide. This adsorption 
is here investigated in sonic detail. 

A similar process of migration has been s\iggested by Bosworth ^ 
to explain the decline in the photo-electric effect sodium and potassium 
layers on tungsten, and it is not surprising to find that, in our case too, the 
process takes an appreciable time at room temperature. Bosworth found 
that the tungsten strip he employed did not act as continuous substrate 
but had a large capacity for sodium, due, he suggests, to cracks and im- 
perfections which give the metal a sponge-like .structure and permit the 
diffusion of the alkali metal into the body of the strip. Thus, the effec- 
tive area for adsorption is many times the geometrical stirface of the 
strip. We should exju^ct a surface of tungstic oxide to be even more 
sponge-like than a strip of tungsten ; indeed Powell and Mercer* wxre 
compelled to assume such a structure in order to explain their results 
on the positive ion emission from indium and tliallium layers on tungstic 
oxide. These authors, however, found that little migration into the 
oxide took place l)clow 400® C, 

This work dcab with the adsorption of caesium on tungstic oxide 
as prepared by Powell and Mercer.* This oxide was found to be more 
convenient to handle than iron oxide, upon which preliminary' ob- 
servations were made and it gives very similar results. 

The photo-electric effect is taken its a mciisure of the concentration 
of caesium on the outermost surface uf the oxide, 

^ Bosworth, Pmc, Hoy. Soc,, A, 1035. 150, 5S : 

* Powell and Mercer, PA 1/, Tram,, 1955, 135, loi. 
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§ 2. Preliminary Experiments. 

An oxidised tungsten strip (i mm. wide, 0*07 mm, thick) was bom* 
barded with caesium atoms from a molecular gun, arranged so that only 
the central part of the strip (i cm. long) was struck by caesium atoms. 
This part was found to become photo-electrically active, the oxide itself 
being inactive. The maximum yield was in the ultraviolet region and 
a mercury arc was therefore used as a convenient light source in all sub- 
sequent experiments. A spot of light (2 mm. x i mm.) was focussed on 
the strip by a quartz lens ; it entered the experimental tube through a 
quartz window. The lamp was moved parallel to the strip and a distribu- 
tion of the photoelectric effect (as measured by a Compton electrometer) 
was obtained. This could be regarded qualitatively as a measure of the 
surface concentration of caesium at the different points. Fig. i in which 
the relative photocurrents are plotted against the length of the filament 

represents such a distribution at 
one stage during the Iwmbardment. 
The photoelectric activity is seen to 
be restricted to that part of the strip 
actually struck by caesium atoms. 

When the bombardment was 
stopj)ed the .activity was found to 
decay over the period of hours, as 
in the experiments of B<iSworth. 
Traversing the strip with a spot of 
light. how'ev('r, showed that no ap- 
preciable spreading of the patch 
occurred during the decay, thus 
proving that this decay was not 
due to a migration of the caesium 
over the superficial surface of the 
oxide. 

This proces.s of depositing caesium and letting it decay was repeated 
many times without removing the caesium that had already decayed, 
and each time a careful search was made for any spreading effect, which, 
however, did not occur. The decay could be spt‘eded up by heating the 
strip, but this aLso did not produce any spreading of the patch. 

It was therefore clear that if the dc^ay was due to an adsor]>liori pro- 
cess it would have to be explaine<l in this case by a migration of caesium 
into the mass of the oxide. This hypothesis i.s quite reas(^nable, because 
the concentration gradients into the liody of the oxide are much .steeper 
than any along the length of strip. Exfx-rience gained during these 
preliminary experiments led to the construction of apparatus permitting 
an investigation of the migration over a wide temperature range of the 
oxide. 

§ 3. The Apparatus. 

In the final form of the ap[>aratas the caesium atoms are supplied by 
a molecular gun, so arranged that the beam of atoms falling on the oxide 
surface could be interrupted at will. A bulb into w^hich caesium bad 
been distilled is shown at the bottr>m of Fig. 2 ; it is provided with a 
pinhole P. 1*5 mm in diameter, into which a steel ball fits lixiscly. 
By controlling the position of the ball magnetically, the atomic beam 
incident upon the pinhole may, with great efficiency,^ \k started 
or stopped instantaneously. The beam is defined by this pinhole and 
the stop H of 2*2 mm. diameter. By cooling the stop with liquid 

* Blank experiments showe<l that the Warn intensity dropped to about 
one part in xoo within a few seconds after closing the pinhole and to less than 
one part in 1000 in a few' minutes if in addition the oven was removed from the 
caesium bulb. 



Fig, I. — Distribution of photo-electric 
current along the .strip. 
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wr, any scattering or re-evaporation of caesium there is prevented. An 
intermediate stop S is inserted to prevent excessive accumulation of 
caesium in the upper part 
of the gun. This type of 
molecular gun was first 
described by Brady.* The 
beam then strikes a tung- 
sten strip F (1 mm. wide 
and 0*07 mm. thick su|>- 
ported on heavy cop[>er 
leads L, passing into the 
tube on cop^xjr-pyrex s«^als) 
which can i>e heated eh c- 
trically or cooled by im- 
mersing the copper leads 
in liquid oxygen. Any 
temperatures al>ove 125^ 

K. can thereby be attained. 

The temperature of the 
strip is (letenmned by a 
Pt-Pt Rh thermocouple 
(gauge 48^ s]x>t- welded to 
the centre of the strip. 

The strip is surn^uiuled by 
a cylindrical nickel elec- 
trode H, slotted parallel to 
its axis, to admit light and 
alsfj the caesium lieam. 

The light enters the tulK* 
through a small quartz 
window \V, stuck on the 
pyrex Hange with stove 
enamel and baketl in air at 
2 20® C\ b<dore as.semhly 
A platinised guanl ring K. 



CO ti turn 


provides electrostatic .shielding for the tube. 


The outside is shielded by covering with earthed tinfoil. 


§4. Preparation of Caesium. 

Caesium was made {a) from a mixture of caesium chromate and Misch- 
metal heated by electron Iximbardment, or (6) by heating a mixture of 
caesium chloride and calcium in a high vacuum and sealing oft into a series 
of ampoules after repeated distillation. The contents ol one of these, 
broken magneticalU% is distilled into the bulb of the molecular gun while 
the pinhole is closed by the steel bail. No difference was found in the be- 
haviour of caesium from the two sources. 


§ 5. Determination of the Beam Intensities. 

It is w^ell known from the work of Lan^uir and Kingdon ♦ that if 
caesium atoms strike a hot clean tungsten filament, or a filament w’hich 
has a monomolecuiar Ia\w of oxygen on its surface, the atoms stick 
for a time and then hi* renjvaporated as p<^itive ions. The tungsten 
strips employed here behaved similarly, in spite ot their massive coat of 
oxide. Over the range of beam intensities used a filament temperature 
of 600** C. was sufficient to ionise all the caesium atoms in the beam, as was 
proved by the fact that variation of riie temperature of the strip on either 

• Brady, Physic. 1932, 41* 613. 

* Langmuir and Ktngdon, /Vac. Roy. Sac., A» iq2^. iiw. 
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side of 600® C. made no difference to the ionic current drawn to the collect- 
ing electrode. 

This observation provided a very convenient and accurate method of 
measuring the total amount of caesium deposited during a run. The 
oven temperature was allowed to become steady, the pinhole was opened 
and the molecular beam allowed to fall upon the red-hot strip. The total 
number of atoms falling on the strip per sec., n, is given by 

n = ijioe 

where i is the steady ionic current in amps. It is then a simple matter 
of geometry to calculate the number of atoms /cm. “/sec. at the point where 
the observations of the photo-electric effect are made. 

If caesium atoms are allowed to fall on the strip, the total amount de- 
posited can be determined by flashing it to a high temperature and plotting 
positive ion current against time. By graphical integration of this curve 
the total quantity of electricity emitted by the strip is obtained and thence 
the total number of positive ions emitted. From the work of Langmuir 
and Kingdon, and of Powell and Mercer * we should not expect any emisson 
of neutral atoms of caesium from the strip for low concentrations of 
caesium at strip temperatures below those at which there is no detectable 
ionic current. In agreement with this it was found that within the limits 
of experimental accuracy, the total amount of caesium deposited on the 
strip in any experiment was equal to the amount which could be re- 
evaporated by the method just described. This w^as true for all concentra- 
tions of caesium employed, the total number of atoms deposited varying 
from 10^^ to 10^* atoms/cm.* at all temperatures at which the decay 
phenomena w'ere studied (below 130° C.). 

It is clear then that no re-evaporation of caesium atoms from the .sur- 
face occurs at the temperatures at which the decay phenomena are 
studied. 

We have, thus, two alternative ways of determining the total . mount 
of caesium deposited during a given experiment : Either to measure the 
ionic current produced by allowing a steady molecular beam to fall upon 
the red-hot oxidised strip and thus deduce the number of incident atoms/ 
cm.*/sec., calculating from this the amount deposited in a given time. 
Or to remove the caesium at the end of the experiment and estimate the 
total amount from the integrated emission. The second method was 
chosen as being the more convenient. 

§ 6. Experimental Procedure. 

The strip was oxidised as described by Powell and Mercer.* The thick- 
ness of the oxide film was of the order of 10 cm. The apparatus was 
baked out as well as the presence of the quartz window would perpait, 
all metal parts being thoroughly outgassed. A pressure within the 
limits 2 X 10 to 8 X 10 mm. Hg (measured by an ionisation gauge) 
was obtained in the tube which was continuously pumped out by a mercury 
diffusion pump through a wide lead and a liquid air trap. 

Before performing any experiment the oxidised strip was freed from 
traces of alkali introduced during manufacture or prelkninary handling, 
since these traces of alkali produce a positive ion emission in addition to 
that due to the incident beam of caesium atoms. The strip was there- 
fore glowed at 700® C. and a potential of 60 volts applied between it and 
the collector, so as to eliminate the contaminating ions, the treatment 
being continued until the thermionic emission from this cause was im- 
measurable. An ampoule containing caesium was broken and the caesium 
distilled into the bulb from a side tube (not shown) while the pin-hole 
was closed. , The side tube was then sealed off and the caesium distilled 
on to the strip by surrounding the bulb with a cylindrical electric oven. 
An additional heater wound directly on the glass prevented condensation 



L. FRANK 


1407 


of caesium near the pin-hole. The temperature of the oven was measured 
by a Pt-Pt Rh thermocouple. A s^t of light from the mercury arc was 
focussed on the centre of the strip which was also the centre of the caesium 
beam. 

§ ?• Standard Experiment* 

The strip at -f 60 volts was first kept at 600® C., a temperature suf- 
ficient to keep it clean from caesium. The heating current being then 
cut off, the strip was cooled to the temperature at which the adsorption 
was to be studied, while the caesium in the furnace reached temperature 
equilibrium. After reversing the potential to accelerate photo-electrons 
towards the collector, the pin-hole was opened and the photo-emission 
measured during the deposition of caesium as a function of time at a fixed 
spot of the strip. After a given time the beam was cut ofi by closing the 
pin-hole and removinjgf the oven surrounding the caesium bulb. Observa- 
tions of the now diminishing photo-electric emission were continued. 
After an appropriate time the field was reversed again, the strip Hashed 
to 600® C., so that the deposited caesium was emitted thermionically and 
the beam intensity computed by the method given in § 5. 


§ 8. Experimental Results* 

(a) Deposition at Room Temperature. 

Fig. 3 shows two characteristic curves of rise and decay of photo- 
electric effect. 

Curve (a) shows 
the result of a 
deposition of 
1*6 X io>* atoms/ 
cm.* in 8 minutes: 
the effect rises 
continuously un- 
til the beam is 
cut off, after 
which it decays 
to a small frac- 
tion within a tew 
hours. Curve (b) 
is a similar result 
for a smaller 
beam intensity ; 
not only is the 
rise here less 
rapid but a 
greater deposit is 
required to pro- 
duce the same 
photo-electric in- 
tensity. More- 
over the rate of 

decay depends Fig. 3. — Deposition and decay at room temperature, 
upon the rate (a) De^wsition of i-O x lo^* atoms/cm.* (3-2 x 
of deposition, atoms /cm. ‘/sec.). 

though the differ- (6) Deposition of 2-0 x 10*® atoms/ cm.* (i*6 x 10^* 
ence becomes less atoms/cm. */sec.). 

pro‘*40unced as )^) Seepage 1410. 
the total time of 

decay becomes laige compared \rith the time of deposition. 
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(6) Deposition at 125° K. 

Jii low t^perature. curves of the type of Fig. 4 are obtained, 

illustrations for different quantities being shown. The decay is very much 
slower at this temperature, though not completely arrested. 

(c) Relation Between Photo-effect and Surface Concentration. 

As the decay of the photo-effect with the strip at 125° K. is slow com- 
‘ “ pared with the 

time of deposi- 
tion, it is possible 
to calibrate the 
photo- current 
against the sur- 
face concentra- 
tion. as it follows 
from the above 
experiments that 
the migration of 
caesium into the 
mass of the oxide 
can be neglected 
to a first approxi- 
mation. 

The result of 
this calibration i.s 
plotted in Fig. 5, 
the upper curve 
showing the total 
photo -emission, 
the lower curve 

when the light from the mercury arc was filtered through 'a^gla^ plate^ 
cutting out all components below 3200 A. Both curves show m Jked devia- 



/* 2 * Amt 

Fig. 4. — Deposition and decay at 125° K. 
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agreement with the observations of Brady * who finds that for caesium 
films on silver the maximum photo electric yield is given by the same 
order of concentration. From the work of Brady and others it is known 
that the variation of photo-sensitivity with wave-length depends upon 
the thickness of the film. The similarity in shape of the curves of Fig. 5 
at the high concentrations suggests however that at these thicknesses 
the sensitivity /wavelength relation has settled down to a standard form. 
For low concentrations the variation of wave-length sensitivity with 
thickness must be operative ; to this effect we must attribute the rela- 
tively flat initial slopes. At any rate we cannot make from these curves 
any deductions as to the adsorption process with which this work is 
primarily concerned. Evidence of the spectral distribution does not, 
of course, show the characteristics of the photo-emission of caesium in 
bulk, but indicates that we are dealing with an adsorbed layer. In this 
connection we mention that, while in early rough experiments with iron 
oxide as base, less than 10 per cent, of the emission was due to light of 
a wave-length greater than 3200 A., in the present case up to 60 per cent, 
is due to this region. 

{d) Influence of Adsorbed Layers of Gas. 

It is a priori very unlikely that a decay (over a period of many hours) 
of photo-electric emission from a strip kept in thermal equilibrium vath 
the rest of the tube (i.e., at room temperature) could produced by 
formation of surface layers of gas ; such layers should deposit in a few 
minutes or even seconds, corresponding to the pressures of 10 — lo-* 
mm. Hg after the strip has come to ecjuilibrium. Experiments showed 
that the photo-electric emission was very sensitive to changes in pressure, 
being lower for higher pressures. Minute traces of gas had a remarkable 
effect if the strip w^as at a low temperature {i.e., not at thermal equi- 
librium wnth the rest of the apparatus). With the filament at 125® K. 
such traces would extinguish a high photo-electric effect almost in- 
stantaneously or inhibit its appearance during deposition. Indeed in 
the calibration described under {c) consistency was only obtained by 
heating the strip to a high temperature while the copper seals were im- 
mersed in liquid oxygen, so, as to collect all residual traces on the cold 
copper leads before cooling the strip itself. 

Xo such difficulties w'erc encountered at higher temperatures ; this 
is consistent with the fact that on warming up the cold strip aiter deposi- 
tion liad ceased, the photo-emission did not drop immediately but rose 
sharply at first. The cause of this initial rise due to removal of gas is 
the reverse of what happens %vhen gas is put on. Clearly, therefore, 
the phenomenon of decay cannot be attributed to a formation of gas 
layers and wt shall therefore discuss it in tenns of migration into the mass 
of the oxide, 

{e) Migration into the Mass of the Oxide. 

On this view a certain distribution of caesium will be built up in the 
oxide during the period of deposition, depending on inten.sity of the 
beam and the temperature of the strip. Curve (a) of Fig. 3 shows a steeper 
decay than curve (6) ; the rate of deposition was greater in that case, 
so that larger concentration gradients were built up. Fig. 6 (a) shows 
on a larger scale an early portion of the upper curve of Fig. 5, and Fig. 
6 (6) shows a deposition curve over the same region of surface concentra- 
tion, but with the strip at 290® K. In spite of the higher beam intensity 
in deposition (6), these curves show' clearly that a greater total amount 
of caesium is necessary to produce the same surface concentration at 
the higher temperature. Fig. 7 shows a similar result for the temperatures 
291® K. and 397® K. Very different amounts of caesium may, then, be 



1410 MIGRATION OF CAESIUM ON TUNGSTIC OXIDE 


accommodated in the oxide, although their surface concentration is the 
same. 

As another illustration, 1*9 X lo^* atoms/cm.* were deposited at 
397® K, and, immediately the beam was cut off the strip was allowed to 
cool to 290® K. and the decay followed. Curve (e;) of Fig. 3 which shows 
the result may be compared with the decay ot (6), Fig. 3. The rate of 
decay is determined p£^ly by the surface concentration and partly by 
the rate of supply to the surface of atoms from within the body of the 
oxide. During the deposition at high temperature a greater concentra- 
tion in depth is set up by the relatively high migration, so that the decay 
curves (b) and (c) of Fig. 3 are quite different although they were ob- 
served at the same temperature and start from nearly the same surface 
concentration. The fflm deposited at high temperature, curve (c), decays 
more slowly, because of the greater store of atoms beneath the surface. 
These curves provide further evidence against the possibility that ad- 
sorbed gas causes decay, since the gas conditions are the same in the two 
cases. 



(/) Measurements of the Activation Energy Associated with 
the Migration Process. 

Picturing the process of migration as one of simple diffusion with a 
diffusion coefficient D characteri,stic of the suf)stances involved and of 
the temperature, but independent of concentration (/.<\ assuming that 
interaction between caesium atoms can be neglected), we have the classical 
equation 

I be b*c 

where c{x, t) denotes the concentration of caesium in any plane parallel 
to the surface, at a distance x from it and at the time t. 

According to Bosworth ' the activation energy is given by 



where T is the absolute temperature. Its determination requires a know- 
ledge of the raHo of the diffusion coefficients for different temperatures. 
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The method finally chosen to determine such ratios of diffusion co- 
efficients is independent of the calibration “ photo-effect against surface 
concentration of section (c) and of the finite thickness of the oxide. 
The ratios are determined from the deposition curves (constant beam 
intensity) making quantitative use of the fact that for a given temperature 
of the strip the total amount of caesium producing a given surface con- 
centration varies with the beam intensity. Consider two temperatures 
Ti and T, at which the diffusion coefficient has the values Di and Z),. 
The boundary conditions for deposition are : — 

(1) Oxide, completely free of caesium at the time f = o (beginning 
of deposition) 

c(x, o) = o for all values of x, 

(2) At the actual surface x ^ o, the concentration depends on the 
time / as determined by the deposition curve : 

c(o, /) = given function of f. 

Condition (2) can be replaced by another, of which the deposition curve 
is a consequence, i.e., constant beam intensity n, at which the total amount 
deposited up to the time t is proportional to i : 

I d 

^c{x, i}dx nt . . . * (2a) 


where d denotes the thickness of the oxide. Taking (i) and (2a) as boundary 
conditions, (2) is now^ part of the solution of the different!^ equation. 

This equation, including boundary conditions for the deposition at 
the temperatures T i and T, and the l>eam intensities Wj, and n, now reads ; 


(I) 

i- 


Ct{X, O) o 

>d 

c(x, f)dx = njf 
0 


(2) 

— ^ 

Cf(x, o) = o 
d 

cJx, /)d.r = 71 Jt. 
0 


Now each solution of (i) can be transformed into a solution of (2) by 
simple reduction of the time scale, owing to the linearity of equation and 
boundary condition with respect to /. Writing ar = f in (2), we obtain 

I 'bCx _ 
aD, iyr 
C^ix, o) = o 

f d 

Ct{x, arid.v = a/?i • t 

0 


and r, is identical with a solution of (i) if 


a 




and T is replaced by t. Taking therefore the deposition curves as repre- 
sentations of solutions of the sets (i) and (2) we determine the ratio of 
the diffusion coefficients DijDj hy determining two relative beam inten- 
sities and «, for which the respective deposition curves, taken at the 
temperatures T, and coUicide when plotted against t and «2 . t, , 
the total amounts deposited on the strip. Examples of deposition curves, 
plotted against total amount deposited have been discussed in section (e). 
We now see that in order to find the activation energy from .such curves 
we have to plot families of them for different temperatures, varying 
the beam intensity as family parameter. The ratios can then be com- 
puted by interpolation. 
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In actual practice the range of temperature over which the method 
is practicable is limited. At low temperatures (< 250® K.) the rate of 
migration is so slow that a variation of the beam intensity within practi- 
cable limits does not produce deposition curves sufficiently distinguishable 
from each other to allow quantitative conclusions ; at high temperatures 



(a) {b) {c) Family of deposition curves at 325® K. for various beam intensities. 
(d) Deposition curve at 342® K. 


the migration is so fast that very large amounts of caesium are absorbed 
by the oxide before a reasonable photocurrent is obtained. 

Fig. 8 shows three members of the family for the strip temperature 
325® K. The dotted curve represents a memlier of the family belonging 
to the temperature 342® K. According to the above theory the latter 

curve should coincide with one 
curve of the family belonging to 
the lower temperature. This 
however is not the case, and 
evidently the non-similarity is 
due to the interaction of caesium 
atoms during the diffusion pro- 
cess which expresses itself macro- 
scopically in a dependence 01 
the diffusion coefficient on the 
concentration. It must be re- 
membered that the above treat- 
ment neglects this " secondary 
effect. The interpolation does 
not therefore lead to a constant 
value of the activation energy 
for a given temperature ; the activation energy appears to rise with the 
surface concentration (see table). This rise, however, has no significance 
except that it indicates a breakdown of the above theory for higher values 
of surface concentration. The surface concentrations are derived from the 
calibration of section {c). 


TABLE. 


Activation Energy in Volts. 

Surface Con- 
centration, 

10 ^* atoms/cm.* 

334 * K. ■ 

308 * K. j 

0-39 

0-33 

2-4 

0*42 

0^36 

3*3 

0-47 

0*40 

4*2 

0-51 

0*41 

4-8 

0-57 

0*53 

5*3 

0 ' 6 i 


5*b 
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For a temperature of 250® K. values of the order of 0*2 volts were 
obtained. 

We have so far assumed that the simple diffusion equation governs 
the process of migration into the oxide. This assumption at b^t is a 
very crude approximation, for although undoubtedly caesium leaves the 
surface and enters the body of the oxide, the oxide may not be homo- 
geneous throughout its depth, the diffusion coefficient may depend upon 
the concentration of caesium in the oxide, as already pointed out, and 
in the case of experiments conducted at different temperatures the 
physicsd structure of the oxide may suffer reversible changes (e.g., opening 
or closing of cracks between crystalline aggregates). All these circum- 
stances would cause deviations from the simple theory. 

The applicability of the diffusion equation might be tested by depositing 
instantaneously a certain amount of caesium on the surface of the oxide 
and following the value of the surface concentration c with time. From 
the simple diffusion equation, c should then be proportional to jjVDt. 
This straightforv^ard experiment could not be done, but attempts were 
made to measure the diffusion coefficient by a method employed by 
Bosworth.^ Caesium was deposited on the oxide at a temperature con- 
siderably below the temperature at which D was to be measured. The 
strip was then rapidly heated to the required temperature after the 
deposition had been stopped. This should provide a close approximation 
to the ideal boundary conditions postulated above. 

However the curves of photo-electric effect so obtained did not show 
the form to be expected on this simple hypothesis. All showed a much 
quicker change in the rate of decay {a steep initial fall followed by a very 
slow final fall) than the theory predicted. No further test of the applic- 
ability of the equation was here available, for it was not found possible 
to determine the diffusion coefficient for migration along the strip in the 
manner employed by Bosworth. Although up to 2 x lo** atoms/cm*, 
were deposited on the strip, complete saturation with caesium w^as never 
attained ; even if the decay of photoelectric emission had become very 
slow at one temperature, it could still always be speeded up by raising 
the temperature of the strip. One would not, therefore, expect to observe 
side- ways spreading of the patch, for Bosworth found in his case that 
saturation in depth had first to be attained before migration along the 
strip could l>e detected. We may recall here that Bosw^orth found the 
simple theory of diffusion broke down when he was investigating migra- 
tion along the length of the strip ; edgewise spreading of the photo- 
electrically active patch did indeed occur, but superimposed upon this 
was a photo-electric emission uniform along the strip. This observation 
cannot explained on the simple theort'^ or indeed any obvious modi- 
fications of it.* 

§ 9. Discussion. 

A picture of the process we assume as the underlying cause of the 
phenomena described here is given by Lennard-Jones.® He describes 
the migration of a substance into another crystalline substance as a 
diffusion along intcrcrystalline cleavages, perpendicular to the surface. 
On such a picture, the migration from the surface into the mass of the 
crystalline substance will depend on the relation between the size and 
number of the cleavages and the size of the migrating atoms. 

On comparing the results obtained in this paper with those of 
Bosworth ^ one finds a good agreement between the order of magnitude 
of the activation energies, so that the general nature of the adsorptive 
forces is the same for the semi-conducting oxide surface as it is for 
the metallic tungsten. One also finds a somewhat close qualitative 

® Lenuard- Jones, Trans. Faraday Soc.^ 1932. 28, 333. * 
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resemblance between his results for sodium on tungsten and the results 
presented here. This purely accidental agreement is obviously due to 
two factors : (l) The tungsten strip used in his experiments has a thick- 
ness of 2 X cm., while the oxide surface used here is at least lo 
times thinner, thus presenting ten times less underlying substance. 
(2) Probably still more important is the fact that the sodium atom is 
much smaller than the caesium atom. From the picture presented by 
Lennard-Jones, and also from a comparison of the experiments of 
Bosworth on sodium and potassium it follows clearly that the migration 
of caesium into the metal would be much slower than the migration 
of sodium. At the same time the migration over the surface would 
become more appreciable because the caesium atom would have to travel 
over the surface for a considerable distance before finding an empty 
gap down which it could slip.* 

Bosworth found that the larger potassium atoms were absorbed 
to a much smaller degree by metallic tungsten than the smaller sodium 
atoms. If one extrapolates from these to ascertain how caesium would 
be absorbed by tungsten of a thickness equal to that of the oxide used 
here, one would find that only about 10^^ atoms/cm.* (a fraction of a 
monomolecular layer) would actually be able to diffuse inwards, to fill 
intercrystalline cleavages. We thus come to the conclusion that the 
oxide has a far more spongy nature than the metal and an adsorption 
capacity at least a hundred times higher. 

In a recent paper (Physic. JRev., 1936, 49 , 670) Brady and Jacobsnieyer 
have investigated the photoelectric properties of sodium films on aluminium. 
They find that the photoelectric emission decays over a short period of 
time after deposition for films of sodium up to a thickness of 80 atoms and 
suggest that this decay is due to a re-arrangement of the film which breaks 
up into globules whereby the effective area is decreased. From the fact 
that in our case the total amount of caesium deposited can be re-ev aporated 
as positive ions and that there is no evaporation of neutral atoms of 
caesium even at temperatures at w^hich the vapour pressure of caesium 
is very high, we conclude that such a formation of globules cannot take 
place in the experiments described here. It is quite possible that in the 
case of sodium on aluminium too the photo-electric decay is due to a 
process of migration into the mass of the metal although the decay does 
not follow the law predicted by the simple theory of diffusion. 

I am greatly indebted to Dr. K. T, S. Appleyard for suggesting the 
problem and for his constant supervision, to Dr. C. F. Powell and Dr. 
H. Frohlich for helpful discussions, and to Profes.sor A. M. Tyndall for 
placing the facilities of the Laboratory at my disposal. I also wish 
to thank the International Student Service for a grant. 

Summary. 

The adsorption of thin films of caesium on a surface of tungstic oxide 
is studied by a photoelectric method for the temperature range 125° K. 
to 400*^ K. The phenomena occurring are described qualitatively by the 
apumption that the caesium atoms migrate into the mass of the oxide. 
Values for the activation energy connect^ with this migration are derived. 

H.H. Wills Physical Laboratory^ 

University of Bristol, 

* This migration of caesium over the surface of a tungsten filament has actu- 
ally been investigated by Taylor and I.^ngmuir (Physic Rev., 1932, 40, 463) 
by a thermionic method. The implications of their results are discussed by 
Bosworth.i 
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1 . Investigation of the swelling pressure has so far only been carried 
out for rubber in a number of organic liquids.^ A disc of rubber, 
exposed to a measured air pressure, was separated from the liquid by 
a porous medium ; the liquid was imbibed by the rubber, and the 
ensuing change in its volume was measured under a number of different 
pressures. Similar experiments vrith aqueous solutions have not so 
far been so successful.* The swelling pressure of gelatin could only be 
determined in this way near the isoelectric point, for in solutions of 
acids, alkalis, and salts the gelatin was so strongly peptised that it 
passed through the pores of the membrane before a well-defined equi- 
librium could be reached. The process of swelling, it should be pointed 
out, requires a fairly long time — several hours — to reach completion. 

Isinglass, though very similar to gelatin,® has a much smaller tend- 
ency to be peptised. Thus while 0*5 gm. of gelatin was completely 
peptised in 0*1 N NH4CNS in four hours, a similar quantity of isinglass 
took at least lo times as long. This is probably due to isinglass having 
a very distinct structure. Under the microscope one observes a net- 
work of long, curling, fibres. The structure is also seen in a complete 
dried swimming bladder, for if this hard material is broken the fractured 
ends have the appearance of asbestos. From it, fibres a few cms. in 
length may easily be separated. The lack of structure in gelatin may 
be due to the fact that it is prepared by the prolonged boiling of animal 
tissue, whereas isinglass is simply dried collagen. When isinglass is 
brought into solution by heating, and afterwards dried, obvious signs 
of structure disappear. But as the tendency to be peptised remained 
smaller than that for gelatin, it seemed hopeful to measure the swelling 
pressure in w^atcr and aqueous solutions by the method just mentioned. 

2 . The apparatus used (Fig. i) was very similar to that of Posnjak. 
The glass portion was made of pyrex glass, the wide tube having a height 
of 7 cm., a bore of 1*25 cm., while the walls were i*2 mm. thick. The 
capillary tube ha 4 a length of 70 cm., and a bore of 1*5 mm. The upper 
metal portion of the apparatus, together with the nut, was of mild steel, 
but the remaining parts, none of which was used in Posnjak’s device, 
were of *' Anka brand stainless steel. The washers were of vulcanised 
rubber i mm. thick. The porous i)ots were of dried w'hite china clay. 
As they had not been fired the material was still quite soft, so that they 
could readily be shortened to the size desired, namely i in. x i in. The 

^ Freundlich and Posnjak, KoUoidchem. Beih., 517. 

* Freundlich and Posnjak ^ ; v. Terzaghi, Handb. physik. u. techn. Mechanik, 
1931. IV, a, 555. The swelling pressure of discs of a sea-alga. Laminaria, in 
w'ater was measured by Reinke {Hanskin's Botan. Abhandl,, 1879, 4, i). 

• The similarity is also shou-n by the fact that isinglass has practically the 
same ^old number as gelatin ; it was 0*0055 mgs., while we found the valjue 
0*01 with the same gold sol and a fairly pure sample of gelatin. 
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inner surface of each pot was polished with glass paper until smooth, 
and particular care was taken to have the bottom of the pots, both inside 
and out, smooth and fiat. The space between the porous pot and the 
glass tube was filled with a cement of yellow litharge and glycerine diluted 
with water in the proportion of i vol. glycerine to i vol. water. The 
cement had initially the consistency of a thin paste, but it set in 24 hours 
to a hard, porous mass which adhered well to the glass and to the porous 
pot. 

The end of the glass capillary remote from the swelling cell had a copper 
tube attached with De Khotinsky^s cement, and this tube was soldered 
to a similar tube leading from the air pressure regulating apparatus. The 
soldered joint could be made or broken in a very short time. Compressed 
air was stored in a cylinder fitted with a reducing valve, ft was led into 
the apparatus through a needle valve as required, the pressure being 
released by a similar valve. The pressure was read on a Standard 
Test Gauge,'* made by the Budenberg Gauge Co. A small air reservoir 
served to minimise the fall in pressure due to any leakage, w^hich proved 

to be indetectably small over a period 
of 48 hours. 

The accuracy of the pressure gauge, 
and the uniformity of the capillary 
tube, w^as tested before use, and it 
was found that no corrections need 
be applied. Two small corrections 
had, how’cver. to be made to the 
readings to allow for (a) the elastic 
expansion of the apparatus under in- 
creasing pressure, and (6) the change 
in volume of the mercury filling the 
apparatus, which, it should be stated, 
w^as filled in this manner : a weighed 
disc of isinglass (ca. 100 ragms.) was 
forced into the cell until it was in 
contact with the porous pot, mercury 
w'as poured in until it l>egan to over- 
flow' and, having removed any air 
bubbles clinging to the inner surface 
of the tube with an iron wire, the nut 
was screw'ed on firmly. During this 
process the mercury w^as prevented 
Fig. I, — Swelling pressure apparatus, from running down the capillary by a 

small air pressure, the final position 
of the mercury in the tube being about 20 cm. from the swelling cell. The 
correction (a) was determined experimentally each time the apparatus was 
set up, while (6) wa^ e.stimated by considering the apparatus to funtcion as 
a thermometer. The measurements were made in a cellar room in which 
the temperature did not vary more than ± i® C. during the course of an 
experiment. The correction was 0*25 cm./° C. 

The chief precaution in setting up the apparatus was to observe that 
no air was left above the mercur>', for the elastic expansion of this masked 
any effect due to the swelling, and also it easily leaked from the cell, with 
a consequent permanent movement of the mercury in the capillary. 
Naturally, care had to be taken that no mercury leaked out. Before 
any readings were taken the pressure in the apparatus was left at 6000 
gms./sq. cm. for some hours. If the mercury in the capillary moved no 
readings were taken. 

3 . The swelling behaviour of isinglass gels was obviously reversible, 
for the volume was the same whether it was reached from a higher or a 
l^wer pressure. The only factor impairing reversibiHty was a certain 
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degree of peptisation. This latter was tested by precipitating with tannin 
the isinglass which had passed into the external liquid. The amount of 
isinglass could be estimated reasonably accurately from the degree of 
turbidity produced. In many cases, e.g. in solutions of NaF and NaCl 
the amount which passed through the membrane was very small. In 
other cases, e,g., Na,S04 and especially NH4CNS, the peptisation was 
much stronger. As long as the amount peptised did not exceed about 
10 per cent, a correction could be applied. But in solutions of acids, alkalis, 
and some salts, the peptisation became so strong that the method did not 
give trustworthy results. 

Let n denote the swelling pressure, its value being the pressure read 
on the gauge plus a small amount (60 gms./sq. cm.) due to the head of 
mercury between the level of the capillary and the level of the isinglass. 

It is not correct to include the atmospheric pressure in this quantity 77 , 
as the atmosphere bears equally on the surface of the external liquid. 

Let Y be the concentration of the gel, i,e., the amount ot isinglass in 
1000 c.c. of isinglass -f liquid. 

Then it was shown that the equation 77 -- Tl^y* also holds for isinglass, 

TJq and k being constants as with Posnjak.^ The straight lines in the 
diagrams (cf. 

Figs. 3-7) show 
how far this 
equation agrees ^ 
with experi- j 

ment. | 

It must be ^ - J ^ 

emphasised ' 
that in swelling , ^ 

pressure we are j 

dealing with 
a reversible 
quantity, simi- 
lar to gas or ^ 65 ' 
osmotic pres- 
sure. This type 
of experiment ^ — 

must be sharply 56 / 8 9 fo 

distinguished Pjq 2. — Variation of swelling with />ii. 

from those in 

which the maximum of swelling is determined simply by allowing a gel to 
swell in a liquid without doing any external work. In the latter ca.se we 
are dealing with an irreversible process similar to the solution of a sub- 
stance in a liquid. 

The reversibility of the swelling is shown by the fart that all the points 
lie, for any particular case, on the same straight line irrespective of the 
pressure from which they w^ere reached. (Cf. the line for LiCl in Fig. 3.) 
Further, the regular linear shape of these curves is not disturbed by the 
small changes of temperature { ± i®) which occurred in the period necessary 
for measuring one of these curves. This shows that .small changes of 
temperature do not cause marked changes in the degree of swelling. ^ 

Before entering on details concerning the equation, another point 
ought to be discussed. As a protein, isinglass is strongly sensitive to 
chsmges in the pn of the solution. The influence of on the swelling 
of isinglass was investigated in MJio acetate buffers, oi p^ between 2*8 
and 9-5. In Fig. 2 is shown the variation of the sw’elling under a constant 
pressure of 3060 gm./sq. cm. It will be seen that the gel concentration 

•This agrees on the whole with the results of Jordan Lloyd and Pleass, 
Bicchem. y., 1927, ai„ 1356. Cf. also Northrop and Kunitz, /* Gen. Physiol,* 
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changes between 410 and 630/ with a maximum of gel concentration at 
a />H of about 6 5 ; i,e., there is a minimum of swelhng close to the iso- 
electric point, which was found ® to be at about 5-9. This agrees with the 
results of Chiari,* and Lloyd and Pleass,* that there is a minimum oi swel- 
ling at the isoelectric point. The small deviation from the value of 5*9 
is most probably due to the relatively large buffer concentration ; it is 
well known that ions other than and OH- may displace the isoelectric 
point to a certain degree.^ 

The minimum of swelling at the isoelectric point is not at variance 
with the maximum of the sedimentation volume of isinglass coated quartz 
particles at the same for in the latter case it is the { potential ot the 
particles which is decisive. • The amount of isinglass adsorbed is probably 
so small that the change in volume of the surface layer due to swelling is 
negligible. The adsorption of isinglass on quartz has not so far b^n 
determined, but the extreme similarity between this substance and gelatin 
renders it practically certain that the adsorption with isinglass is the same 
as the known adsorption with gelatin.* 

When comparing the influence of different electroljrtes upon swelling 
pressure we did not fail to take into account the possibility of a />h change 
in the solution. Such a change did, in fact, occur. The solution became 
more alkaline than pure water in solutions of LiCl, NaCl, KCl, CaClj, 
SrCl*, Nal, NaNO,, KIOj, Na,S04, and it became more acid in solutions 
of BeClj, La{NOa)3, NaF ; in TINO3 solutions the displacement of the 
pn was very small, being a little to the alkaline side. The values found 
are given in Table I. ; the changes in />h, which were measured in every 

TABLE I. — Comparison of Electrolytes in o*iiV Solution. 


Electrolyte. 

77 at y - 300. 


Pn- 

PeptisatioD. 

Temp. 

•c. 

H,0 . 

2050 

4*7 

5 * 5 'b 

None 

M 

LiCl . 

870 

2-9 

9-5 

Slight 

17*5 

NaCl . 

M 45 

40 

8-3 

Slight 

1 8-5 

KCl . 

1825 

3-8 

8-5 

Slight 

' 9*3 

TINO3 

4170 

9-5 

b *5 

None 

13*5 

BeCl* 

100 

7-4 

4*5 

Strong 

18 

CaCl,. 

1530 

7*1 

8 

None 

19 

SrCl, 

2000 

7-1 

8 

Slight 

19 

LafNOa)* • 

^55 

7.8 1 

! 5*5 

Distinct 

19 

NajSOi 

120 

b 3 

i ^'5 

Strong 

17 

NaF . 

270 

57 

! 4 

Slight 

19 

NaNOj 

2600 

5 7 

8 

1 Distinct 

17*5 

Nal . 

3000 

6*2 

10 

Slight 

1 >9 

KIO3. 

4170 

5 7 

i 8 

! None 

M 

NH4CNS* . 

3000-6000 

(6-2) 

8 

Ver>’ strong 

13 


* NH4CNS could not be investigated thoroughly owing to the very strong 
peptisation observed in its solutions. The equation could not be verified, 
lienee this value was extrapolated assuming that k was the same as for Nal 
and choosing the gel conc.cntration where peptisation had been least. 

* Freundlich and Gordon, Trans. Faraday Soc,, 1935, 3 lt 9i5- The high 

value of the isoelectric point of isinglass compared with the value generally ac- 
cepted for gelatin (4*7) agrees well with the results of Dubitzkaja and Sokoloff 
{Kolloid. Z., I935» 205). They found that the isoelectric point of pure col- 

lagen lies above 5 and decreases when the latter is treated with alkalis. 

* Chiari, Biochem. Z., 1911, 33, 167. 

’ For instance Michaelis and Rona, Biochem. Z., 1019, 94, 225: Lloyd and 
Pleass* ; Ljalikow, Protass and Fajerman, CM. Acad. Sc. U.B.S.S., 1935, i» 615; 
Chem. ZeniY., 1936, i, 3470. 

•Freundlich and Gordon.* 

*Lindau and Rhodius, Z. physik. Chem,, A, 1935, 173, 321. 
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ca.se with a universal indicator, are not of accidental occurrence, for, if 
the solution was removed and replaced with fresh solution, this rapidly 
took up the same altered value. If the gel was removed from the 
apparatus at the conclusion of the experiment and heated until it formed 
a solution, the pu oi the liquid so formed was found, by the use of the 
same indicator, to be identical with that of the external solution. 

Returning to the discussion of the equation, it was found that the 
exponent k for isinglass in pure water was slightly larger than the value 
of about 3 found in the case of gelatin. But gelatin swells more than 
isinglass : the swelling pressure for a gel concentration y = 500 is about 
2000 for isinglass and 3000 for gelatin. 

3’5 Table I. show that in salt solutions k varies rather 
strongly — ^and independently of the change of pu — according to the 
nature of the electrol5rtes. The values found for the chlorides of alkali 
metals are much 


smaller than for 
those of the poly- 
valent metals, and 
for salts with other 
anions. 

There are sub- 
stances (e.g., 
NH4(:NS, Nal etc.) 
in solutions of which 
swelling is markedly 
stronger than in 
pure water. In solu- 
tions of most sulv 
stances swelling is 
less than in w'ater, 
the diminution 
being particularly 
strong in solutions 
of NajSO*, LiCl, and 
BeCl,. Such a be- 
haviour has been 
known since Hof- 
meister,'®, Pauli,** 
Wo. Ostwald,** 
Katz,** and others, 
published their re- 
sults on swelling, 
but in all these 


Swelling in 



/op fl 


1 TlXO,. 

2 KCl. 

3 XaCl. 

4 LiCI. 

Fig. 3. 

Curve for wi 


solutions. 



esee zy it 2950 


1 SrCl,. 

2 CaClj. 

3 La(NO,),. 

4 BeCl,. 

Fig. 4. 

shown dotted. 


The letter a denotes points reached from a pressure 
above the final value and b from below'. 


cases objections ap- 
peared justifiable on the grounds that the methods ot investigation were 
not well defined ; .some were not isothermal or rev'ersible ; others were 


not free from the mliuence of .swelling velocity or peptisation. Our ex- 
periments suffered from none of these defects, though the method of 
comparison was arbitrary in so far as the electrolyte concentration 
was concerned, and also in comparing the effects at y = 500. One 
could compare the values of i7o, but since this is the swelling pressure 
at a concentration 1, it would mean an extreme extrapolation. A small 
change in a A-value caused by any experimental error would thus cause 
a large error in It therefore seemed better to compare values of a 

swelling pressure for a concentration closer to the region with which the 


Hofmeister, Arch, experim. Pathol. Pharmakoi, 1891, a8, 210. 

“ Pauli. PflAg. Arch,, 1897, 67^ 219 and 1898, 71, i. 

*• Wo. Ostwald, ibid., 1905, 108, 563. and 1906, ni, 581. 

*• Katz and Derklen. Pec. Trav. Chim. Pays-Bas, 1931 » ^ 49 i Katz and 

Muschter, Biockem. Z,, 1933, a57,"385 and 397- 
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measurements had actually been concerned. We took the value of /7 
for a concentration of y = 500, 1.^., log 2*7, for here the values could be 
interpolated or extrapolated only a small amount. 

The influence of a change in concentration of the electrolyte has not 
so far been investigated very thoroughly. In the case of NaCl, full / 7 /y 


Swelling in salt solutions. 


curves were mea- 
sured at the ad- 



£ 5 3-6 2 ‘J 2 9 23 3 0 


1 KIO,. 

2 NaNO,. 

3 NaF. 

4 NajSO*. 



2526 27292930 

1 N/2 NaCl. 

2 N 

3 N /5 m 

4 N/io 


ditional concen- 
trations of 01 X, 
0*5 and i -oN, 
these readings be- 
ing supplemented 
by measurements 
of the swelling in 
salt solutions of 
differing concen- 
trations, but under 
a fixed swelling 
pressure. (The /?h 
values in the three 
additional ca.ses 
were respectively 
8, 9-5, and 9*5, 
while the tempera- 
tures were 17 ’5, 
19, and 17.) 

While in each 
of the cases just 
mentioned the 


Fig. 5. Fig. 6. linearity of the 

Curve for water .shown dotted. Y curves 

remained u n- 


changed, and while the peptisation was small. Fig. 6 shows that the in- 
fluence of salt concentration was not at all simple. In a range of small 
concentrations (between o*i and swelling shows an initial decrease 

and then an increase with rising concentration ; at higher concentrations it 
decreases again. Comparison is made 

difficult, however by the fact that k y, H.-Chancf. ok Gel ( on- 

nses strongly with increasing concen- centration for a g.\en Swell- 
tration, the values being 3*8, 4*1, 5*6,^ Pressure with the Con- 

and 14 for o*i, 0*2, 0*5, and i-oN centration c of the Sodium 

solutions. The swelling at a fixed Chloride Solution. 


pressure of to6o gms./sq. cm, is com- 
pared in 1 'able II. 

Some preliminary results with 
calcium chloride also gave a rise of k 


c (moles /litre). y (gms. isinglass/ 
1000 c.c. ising- 
glass 4* liquid). 


with increasing concentration, but the 
change in swelling was much smaller. 
It may be remarked that the measure- 
ments of other authors,^* using quite 
different methods, have shown that 
the influence of concentration on the 
swelling is very complicated. 


000 

o*o6 

o*o8 

0*10 

0-20 

0*25 

0*50 

1*00 


410 

490 

535 

505 

44 f^ 

4*5 

44 * 

5*2 


The solutions of two non-electro- 2*00 516 


lytes were also investigated, namely 

urea and cane sugar. The urea had a concentration of 0'833 moles/litrc, 
and the cane sugar 0*146. Both experiments were at 15®, and in both 
the pu was 7 The A-values were respectively 6*0 and 9*5. In each case 


** C/. for instance Wo. Ostwald.** 
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Swelling in solutions of 
organic compounds. 


the equation held, and the results agree with older results in that cane 
sugar caused a marked decrease in swelling.^* The solution of urea was 
not very different in effect from pure water (cf. Fig. 7). 

Now, as isinglass is very similar to gelatin it is probable that it is not 
simple in its chemical constitution. Northrop and Kunitz fractionated 
gelatin by a suitable treatment of the aqueous solution with alcohol and 
at a low temperature (o® C.). They obtained 
two fractions, the more soluble one having a 
higher osmotic pressure and a smaller viscosity 
than the other. An attempt was made to re- 
peat their method with isinglass, and a certain 
separation was achieved. The two fractions ob- 
tained both appeared to be proteins, though 
their properties were remarkably different. The 
soluble fraction, which was present in large 
excess, had a slight yellow colour. It had a 
strong swelling power, and dissolved with great 
ease in warm water. These solutions did not 
gel on cooling unless the concentration was dis- 
tinctly larger than with the original material. 

The insoluble fraction had quite the opposite 
properties. It was a grey powder, only soluble 
in water with difficulty. Further, when the 
solution was cooled the result was not a gel, for 
the material separated in flocks. It was not, 
therefore, possible to measure the swelling pres- 
sure of the latter fraction by our meth^Kl. This 
could only be done with the more soluble frac- 
tion. It was compared udth the original isinglass 
in a 0'2iV .sodium chloride ” solution. 

Table III. shows that the more soluble irac- 
tion has a higher swelling pressure than the 
original isinglass. This appears to agree with 
the results of Northrop and K\initz that their soluble fraction of gelatin 
had a higher osmotic pressure. 



Z5ZB ZJ Z S £9 3 0 

1 Urea. 

2 Cane sugar. 

Fig, 7. 

Curve for water sho\vn 
dotted. 


4 . These experiments show that the relation between swelling pres.^ure 


TABLK HI. — Comparison of Swelling 
Pressure ok Isingl.\ss with th.\t 
OF ITS MORE Soluble Fracth>n ^In 
0-2 A Sodium Chloride). 


and gel concentration given by the 
equation holds ven^^ generally for 
aqueous solutions. The equation 
is only empirical, but the range 
it covers is fjiirly broad. The 


Normal Isinglass 
Slight peptisalion. 


Soluble Fraction 
Pu 14*5“ 
Strong ]^ej)tisation. 


impression which might be gained 
from the experimciits mentioned 
abc»vc ^ that the exponent k varies 


very little with the nature of the 
gel and of the liquid — being about 
3 — was not confirmed ; k may 
attain vtry much higher values — 
up to 8 or more — in aqueous 
solutions of high concentration of 
the dissolved substance and with electrolytes with polyv^alent ions. 


y- 

//. 

y- 

IL 

402 

5 <>o 

36S 

560 

455 

1060 

377 

1060 

543 

2080 

45b 

2060 

658 

4060 

481 

4060 

690 

5050 




Cf, Hofmeister.*® 

Northrop and Kunitz. J. Gen. Physiol., 1927, 10, 167. 

The experiments were done in a sodium chloride solution because they 
are not so well reproducible in pure water. 

According to v. Terzaghi * the equation holds for gelatin in pure water up 
to a swelling pressure of 52,000 gms./sq. cm. 
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As mentioned already our experiments concerning reversible and 
isothermal swelling phenomena agree fully with previous measurements 
done with less well-defined methods on gels of gelatin, starch, etc.^®“^* 

The results show that salts may change the swelling pressure strongly 
independent of change of p^. One example may prove this assertion : 
in a 0 - 2 N sodium sulphate solution the of the swollen gel was 8*5. 
If swelling pressure depended only on the p^, according to Fig. 2, one 
would have expected an increased swelling : in water (of a />h = 6 *o) 
a swelling pressure of 3060 gm. sq. cm. would correspond to a gel con- 
centration of 612, whereas for a = 8*5 one would have, corresponding 
to an increased swelling, the smaller value of 520. But in the sodium 
sulphate solution the gel concentration actually corresponding to this 
swelling pressure was higher, 865 ; swelling had decreased. 

This behaviour agrees with an assumption, now very generally 
favoured,^* that swelling is a complex phenomenon and cannot be ex- 
plained on the ground of only one physico-chemical process. Most 
likely, changes in swelling due to a change of p^^ have to be distinguished 
from the changes caused by neutral electrolytes and non-electrolytes. 
The former phenomenon is frequently explained as a Donnan effect.*® 
Others *^ prefer to correlate this influence of p^ upon swelling with 
a change in the electrical charge of the gel micellae. It seems difficult 
if not impossible, to correlate the influence of neutral salts with a 
Donnan effect, because, as was discussed in the example of sodium 
sulphate, it does not depend on the change of p^ which is observed. 

The influence of the ions is obviously related to their position in 
the lyotropic or Hofmeister's series **Li < Na < K and SO4 < F < Cl < 
NO3 < I < CNS. All facts known .so far seem to prove that the 
order of the ions in these series has to do with the order of their hydra- 
tion.*® The ions might influence the swelling by changing the amount 
of water bound to the gel micelles. This action would depend .strongly 
upon the way in which the ions are distributed in the gel ; whether 

they are bound to the micellae or are in the intermiccllar liquid.*® 

Swelling would be favoured if markedly hydrated ions are adsorbed 
strongly by the micellae. According to Katz *® this is why the thio- 
cyanate ion and other ions and moleculc.s of similar structure, favour 
swelling so definitely : they arc hydropolar substances containing a 
hydrophobic and a hydrophilic group ; the hydrophobic group is 
advantageous as to adsorption in an aqueous medium, the hydrophilic 
one is the cause of the hydration. On the other hand, if the ion is nega- 
tively adsoibed if it pn'fers to remain in the aqueous medium) swell- 

ing may decrease, so long as the strongly hydrated ion can rob the 
micelles of their water molecules. It is actually known that sulphates, 

For instance Jordan Lloyd and Pleass * ; Jordan Lloyd and Marriott, Trans. 
Faraday Soc., 1036, 32, 032 ; KUntzel, Biochem. Z., 1929, 209, 326- Pauli and 
Valk6, Blectrochemie d. Kolloid., ist edit., p. 428 ct seq., 1929. 

Procter, J. C. S., 1914, 105, 313. Procter and J. A. Wilson, ibid., igi6, 
>09, 307. J, A. Wilson in Boguc, The Theory and Application of Colloidal Be- 
haviour, 1924, I. i. 

KUntzel.'* 

** Cf. for instance also Jordan Lloyd and Marriot. loc. cit. '• 

** For instance, Remy, Fort. Chemie, Physik u. physik Chemie, 1927, 19, 73. 

Katz and Muschter>* Cf. also Freundlich, Kapillarchemie, i edit., 
pp, 513 -M- 

*‘‘Katz and Muschter Cf. also Katz, Muschter and Weidinger, Biochem. Z., 
^ 933 . ^ 59 * 76; 15. 47. 433: 355,: 363, 323; Katz and Weidinger, 

ibid., 1933, 259, 191 ; 263, 421 ; 1934, 271, 54. 
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tor instance K2SO4, arc adsorbed negatively by gelatin ; the same 
holds for sugars with tanned gelatin, ovalbumen, etc., as adsorbants.*’ 
There does not appear to be a correlation between the influence of 
salts on swelling and their peptising action ; sodium thiocyanate and 
iodide both cause an increase of swelling, but while the former favours 
peptisation, the latter does not do so.*® 

The conception of bound water is, perhaps, still open to objection. 
But it is a fact that a certain amount of water in concentrated gelatin 
gels does not turn to ice even at very low temperatures*® and that 
about the same amount is unable to hydrate blue C0CI2 in a gelatin gel.*® 
This seems to show indirectly that in concentrated gels, at least, a part 
of the water is bound very strongly to the micelles and may compete 
with the water bound to the ions or molecules of dissolved substance. 


Summary. 

1. The swelling pressure of isinglass in water and aqueous solutions 
of a number of electrolytes and a few non-electrolytes (urea and cane 
sugar) has been determined at room temperature with a device similar 
to that of Posnjak. This could be done because isinglass is peptised in 
these solutions much less than gelatin. 

2. Swelling is reversible. The equation correlating swelling pressure 
11 and concentration of the gel y (in grams of isinglass per 1000 c.c. 
isinglass -f liquid) is 

/I - /!«/ 

77 0 and k being constants, 

3. The swelling of isinglass is on the whole similar to that of gelatin, 
both as to the absolute amount and as to the value of k (47 for isinglass 
and 3 for gelatin). For isinglass in many other aqueous solutions, especi- 
ally at higher concentrations and with poljwalent ions, k may attain much 
higher values (8 or more). 

4. The influence of different ions was compared at a salt concentration 
of 0*2 A. In the presence of some electrol^’tes (Nal, NH4CNS) S'welling 
is stronger than in water. In that of others (specially Na,S04, BeCl,, 
and I^(NO,),) it is markedly less. These changes do not depend on the 
small changes oi pu caused by the electrolytes. As to the intensity of 
their effects the ions may be arranged in Hohneister's series Li < Na < K 
and SO4 < F < Cl < NO, < I < CNS. 

5. The influenfce of the electrolyte concentration c was investigated 
thoroughly only in sodium chloride solutions. It was not at all simple ; 
k increases with increasing c, especially at higher salt concentrations. 

6. The influence of on the swelling ot isinglass was measured in 
acetate buffer solutions in a range between 2-8 and 9*5 at a constant 
swelling pressure of 1060 gms./sq. cm. There was a minimum of swelling 
at about 6*5, close to the isoelectric point of isinglass (about 6). A 
minimum of swelling near the isoelectric point has also been found in 
other cases. 

*• Dumanski, Z. physik. Chem., 1907. fk), 559. C/. also the well-known ex- 

periment with pig's bladder and a very concentrated sotiium chloride solution 
performed by Ludwig (Pogg. Jnn., 1849, 78, 320). 

R, O. Herzog, Z. physiol. Chem., 1908, 57, 315. Herzog and Adler, Kolloid, 
Z., 1908, a, II. Supplem., p. iii. Berczeller, Biochem. Z., 1918, 90, 29a 

** Hence we do not agree with Holwerda, Biochem, Z., 1935, 283, 340, that 
increased swelling always leads to increased peptisation. 

*• Moran, Proc. Roy, Soc., A, 1926, iia, 30, 

Hatschek, Trans, Faraday Soc., 1936, 33, 787. 
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7. The swelling of isinglass decreases markedly in the presence of 
sugar ; urea has a weaker influence in the same sense. 

8. The gold number of isinglass was 0*0055, fairly close to the value 
found for gelatin with the same gold sol (o*oi). 

The Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry, 

University College, London, 


NOTE ON THE RELATIONSHIP BETWEEN i 
POTENTIAL AND STABILITY IN EMULSIONS. 

By Conmar Robinson. 

Received i 6 th June, 1936. 

Harkins and his co-workers have carried out work which indicates that 
the stability of an emulsion increases in general as the emulsifying film 
changes from an expanded to a condensed film.^»* Thus, if an oil emul- 
sion is formed with sodium oleate, Fischer and Harkins were able to show 
(by determining the size distribution of the droplets) that at first the 
droplets increase in size, but eventually reach a stable size distribution. 
Further, when this stable size distribution is reached they showed, by 
determining the amount of sodium oleate adsorbed on the droplets, 
that the interfacial concentration of sodium oleate corresponds to a 
condensed monomolecular film. 

The following theoretical point which gives one reason for the im- 
portance of the condensed monomolecular film does not seem to have 
been previously discussed. 

If we consider an oil in water emulsion stabilised by a paraflnin chain 
electrolyte such as sodium oleate, the ions will be symmetrically dis- 
tributed on the surface of the droplets, with the paraffin tails embedded 
in the oil and the lyophilic heads turned towards the water. The con- 
centration of ions on the surface, even though it is not enough to give a 
condensed monomolecular layer, may be enough to give a charge density 
and resulting f potential which would be high enough in the case of a 
lyophobic sol to prevent the particles from coming into contact with one 
another. With the liquid particles of an emulsion, however, we suggest 
there will be a very impor^^ant difference. As the droplets approach one 
another, the long chain ions, the negatively charged heads of wliich repel 
one another, will be redistributed, the ions slipping round the surface of 
the droplets until there are comparatively few ions on the opposing faces. 
Consequently, the J potential at that part of the surface of each droplet 
nearest the approaching droplet will be lowered so much that coalescing 
will take place. 

If, however, there is a condensed monomolecular film on the surface, 
the ions cannot slip round the droplets and hence we have the optimum 
conditions for stability. (It would seem probable that a surface con- 
centration very near to that which would give a condensed monomolecular 
film would be equally efficient provided the ions on the interface were 

' Harkins and Becman, J.A.C.S., 1929, 51, 1674. 

* Fischer and Harkins, J. Physic. Chem., 1932, 36, 98. 
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sufficiently crowded together to correspond to the steep portions of the 
force area/curve, i.e, where a considerable increase in lateral pressure is 
necessary to bring about any further decrease in the area occupied by an 
ion.) Thus while the stability of a lyophobic sol is dependent on the 
f potential of the particles exceeding a certain critical potential 
which will be given by a comparatively low surface concentration A 
(see Fig. l), the stability of an emulsion will not be governed by the { 
potential of the isolated particle (curve I), but by the f potential on op- 
posing faces of close drops (curve II) which will only reach X at some 
higher surface concentration B. Only where the surface concentration 
reaches the value 
for a condensed 
monomolecular ^ 
film will the J 
potential of the 
isolated particle 
in the emulsion 
be the same as 
that at the op- 
posing faces of 
near drops. 

Hence, when ^ 
considering the 
stability of oil 
emulsions stabi- 
lised by paraffin 
chain ions, it is 



most important Fig. i. 

to determine the 

concontration of solution which will give a surface concentration which 
is nearly that corresponding to a condensed monomolecular film. This 
surface concentration will probably be attained with a solution concen- 
tration of paraffin chain electrolyte which gives the maximum lowering of 
interfacial ten.sion. On tlic other hand, cataphoretic measurements will be 
of little interest, as these can only give the J potential of the isolated drops. 


The Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry^ 
University College, 
lj>ndon, W,C, i. 


ON THE MICROTHERMOCONDUCTIVITY METHOD 
FOR THE ESTIMATION OF PARA-HYDROGEN 
AND DEUTERIUM. 

By D. D. Elev and James L. Tuck. 

Received 18//1 June^ 1936. 

The microthermoconductivity apparatus for the estimation of para- 
hydrogen, invented by A. Farkas ^ and extended by A. and L. Farkas * 
to the estimation of deuterium, has been successfully used by a number 
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of workers,* some of whom mention the practical difficulties involved in 
the application of this method. A modified version of the apparatus 
has been published by Wirtz/ who also gives a discussion of the technical 
points concerned. In connection with an investigation of the exchange 
reaction between hydrogen and water, an apparatus similar in some 
points to that of Wirtz, has been independently developed in these 
laboratories. In view of its importance for this work, and the practical 
difficulties experienced in its construction, it has been considered de- 
sirable to publish a short account. 

The Apparatus. 

The essential points are shown in Fig. i. The cell G, of soft glass# 
contains a loop of platinum strip wire ® (0*05 mm. x 0*005 mm.) 17 cm. 
long, held taut by a quartz-fibre and silver-soldered at each end to the 



sealing-in wire. The leads to the cell are taken through an evacuated 
stem * (20 cm. long) and the whole gauge is deeply immersed in a bath of 
liquid air, the level of which is kept ctmstant (a thermocouple junction, 
not indicated, i.s used to detect the level, and fiom time to time liquid 
air is blown in from a siphon). V> i protects the cell from Hg vapour, tap- 
grease, and so on. M has a volume of 150 c.c. and serves both as a cut-off, 
eliminating taps in the vital part of the system, and as a pressure-adjusting 
device.* An asl>estos box, indicated by dotted lines, protects it from 

^ E.g. b' Fajans, Z. physik. Chem., B, 1935, aS, 239; K. Wirtz, ibid,, B, 1935 * 
30 , 289 ; Reitz and Bonhoefler, ibid,, A, 1935, 172 # 369 ; Taylor and Diamond, 
J, Amer. Chem. Soc., 1935, 57, 125O ; F. Patat, Z. physik, Chem. B, 1936 33, 283. 

* K. Wirtz, Z. physik, Chem,, B, 1936, 33 , 335. 

* Knauer and Stem, Z. Physik, 1929, 53 , 766, 

« See also Taylor and Diamond.* 

* This eliminates the use of a needle-valve. We found needle-valves to have 
the following disadvantages : (a) they were not really vacuum tight, (6) imperfec- 
tions in grinding anti fluctuations in pumping .speed gave an imjjerfect adjustment 
of pressure, (f) they gave a separation of the hydrogen isotopes {see *). 
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draughts ; the gauge is very sensitive to pressure alterations consequent 
on room temperature fluctuations and it is essential that the pressure in the 
cell should be constant over one minute, which is the time required for a 
resistance reading. The cell Ni contains the heated nickel wire which is 
used to bring />H, ^ wH* reaction to equilibrium ; liquid air traps protect 
it from tap-grease, etc. Calibration gases are admitted through taps Ts 
and T4, the unknown mixture at x. 

The Measurements. 

For the theory of the apparatus, the reader is referred to the papers 
of Farkas,^» • whose symbols • we use in the following. 

Hydrogen is introduced via T* and its pressure (as indicated on the 
galvanometer, with a given current and the Wheatstone bridge set at 
R,) is lowered by pumping via a “ lock.” until it is lower than required. 
The mercury in M is then run up, and by use of the ventil, I, the pressure 
in the gauge can be very accurately adjusted. 

I'he measurements concerned are analyses of pH 2 and HD in mixtures 
of the two (deuterium < 4 per cent.). Because of drifts in resistance 
value, it is found necessary to measure nHj with every experimental 
determination, and to measure a calibration mixture of pH^ and HD 
every day. Measurements are made in the order == A ohms ; 

/)Ht 4- ~ A 4 - 4“ i fhe -gas is now brought to equilibrium by 

circjllation over the red-hot nickel wire, and introduced into the cell, 
nHa 4 ' HD — A -f a ; wH, -- A. Then [^HJ^ b, [HD] a. 3 2 per 
cent. D gas gives a 0-45 Q on our apparatus, the value varying from 
day to day by o*oi S7, with maximum fluctuations of ± 0*03 Q. A has 
V>een observed to decrease 0 3 Q in a day, but after some days' working 
it becomes fairly constant. The resistance \*alue.s a and b are reproducible 
to ± *01 Q or ± 0-1 per c<‘nt. D. The diurnal decrease of A may be due 
to alteration in accvjmmodation coetficient, or solution of hydrogen in the 
wire with subsequent diminution of the temperature coeflicient of resistance.^ 

A number of points in ci>nnection with the apparatus have been 
observed : — 

1. increase of temperature of the liquid air round the cell decreases 
the resistance shifts, particularly that due to HD. 

2. Each time th<‘ gauge is first adjusted an “ adsorption effect ” occurs. 

On making the necessary current adjustments and resistance measure- 
ments, lafA'a), then back to it is found that < Ru 

in fact, Ri - A’, is oi the order of ^>-05 Q, indicating a slight increase 
of pressure in the gauge. The pressure is readjusted and measure 
nients made until A’, R^ within 0*005 

3. With the ” untreated ” wire, pH^ conversion has been observed 
in the cell, giving a very quick drift of resistance value dowm to the 
deuterium value (A -r ii), where it remains constant. The con- 
version does not go at 1\, but only at the higher I ^ and so goes 
through the " high-tenipcrature mechanism.” It was stopped by 
poisoning the wire with hydrogen in the treatment outlined below. 
(The poisoning effect of hydrogen on this t>qx‘ ot reaction is well 
known, •• *. 

4. Finally, a treatment was devtdoped for putting the cell into working 
condition after accidental admission of air, etc. The objects are 
{a) to clean the wire, [b) to give an adsorbed layer of hydrogen stable 
at the working pressure (0*05 mm. Hg) and the upper temperature 
Jj' (about o® C.), (r) to poison the wire to the pH^ conversion. 

’ K. Suhrmann, Z, Physik, 1923, 19, i ; K. Hermann, Ann. Physik, 1925, 77 
503. 

• Emmet and Harkness. J. Amer, Chem, 5 or., 1935. 57 t ^^ 3 ^ ^^)* 

•Burstein and Kasbtanow, Trans. Faraday Soc,, 193b* 32, 823, (charcoal). 
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The cell is pumped for about six hours at 150® C., overheating 
the wire (resistance at o® C. equals 100 O) with 10 mA* Liquid air 
is round Uj. The wire is then glowed red for thirty seconds, and 
then both wire and cell are reduced slowly in temperature over five 
hours. 10 mm. of Hj are left in the cell overnight ; the liquid air 
bath is then placed round the cell and the H, pumped away, A 
number of actual “ measurements serve to bring about the fine 
adjustment of the sorbed quantity of hydrogen, upon which the 
stable working of the apparatus appears to depend. 

In general, five minutes are spent over a measurement (i.e, about twenty 
minutes for a complete analysis of pH^ and HD, including the time 
required for pumping). The minimum quantity of gas that can be handled 
with our apparatus, which has a large dead space, is about 0*05 cx. at 
N.T.P. It should be possible to reduce this to 0*01 c.c., by using a circulating 
pump with a smaller dead space and cutting down the volume of the cut-off 
and the tubing. 

The authors wish to express their best thanks to Professor M. Polanyi 
for invaluable help and advice. 

The University^ 

Manchester. 


THE PLATINUM ELECTRODE AS A CATALYST 
FOR THE ACTIVATilON OF HYDROGEN. 

Bv VL Calvin. 

Received 24th June, 1936. 

It has long been known that metals catalyse the establishment of the 
e(juilibrium between Hg molecules and ion.s in solution, but the pre- 
cise mechanism has not yet been completely elucidated, riie essential 
series of reactions usually considered is 

M + .... (I) 

M - H + U^O . . . (2) 

Upon the assumption that (2) or its reverse is the rate determining step 
in the deposition of hydrogen, Erdeyf iruz and Volmcr ^ and Frumkin * 
have given a derivation of the empirically found relation 

c a + log z . . . . (3) 

between current i and cathodic; overvoltage € (high) at a hydrogen elec- 
trode. Horiuti and Polanyi ® have recently extended this conception 
and given a more detailed account of the mechanism of the reaction with 
some plausible reason for the value of the constant b. Upon the basis of 
an analysis of the current -volt age relation for small polarisations, which 
does not conform to equation (3) Hammett * came to the conclusion that 
the speeds of processes (i) and (2) were both of the same order of mag- 
nitude, and that small variations in the condition of the electrode 

' Rrdey-Gmz and Volmer, Z. physik. Chem., A, 1930, igOt 203. 

• Frumkin, Z.physik. Chem., A, 1933, 164, 121. 

• Horiuti and Polanyi, Acta Physicochimica U.S.S.P.t 1955» 

• Hammett, Trans. Faraday Soc., 1933, 39, 770, 
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(polarisation, surface, etc.) might make one or the other predominant. 
The same conclusion has been arrived at by Knorr and Schwartz.® 

In all of these theories there are two opposing currents, that of oxida- 
tion and that of reduction, which are balanced at the potential of the 
reversible hydrogen electrode. Should this be the case it is reasonable to 
assume, with Horiuti and Polanyi, that the exchange reaction between 
deuterium and water 

D, + HjO HD + HDD . . . (4) 

which has been shown to be catalysed by platinum black • should go 
through such a series of steps and should provide a measure of the two 
currents flowing at zero overvoltage. If (2) is the limiting process the 
rate of exchange should be affected by the polarisation of the electrode 
at which it is measured. The following contains a report upon some 
exploratory experiments done to measure this effect and also the effect 
of polarisation upon the para-ortho-hydrogen conversion. 


Experimental. 


The apjxu-atus used is shown diagrammatically in Fig. i. It consisted 
essentially of a 

reaction vessel ^ ' - . : ' : . - 


containing the 
catalyst electrode 
K, a f>olarising 
anode A. a hydro- 
gen reference elec- 
trenie H, and a 
tube T leading to 
the .saturated ciilo- 
mel electnxle C, 
This was con- 
nected to a circu- 
lating pump and 
the high vacuum 
pumps so that the 
system could be 
well evacuated 
and a given sample 
of H| — D, gas 
circulate<l through 
the cell for long 
periods of time, 
M is a manometer, 
J a water jacket 
for condensing 



Fig. 1. 


water vapour from 

the outward fiowdng gas. and at S a sample bulb could be attached for 
withdrawing a quantity of the hydrogen to be analysed for its deuterium 


content. This analysis was made by means of a quartz-fibre gas density 
micro-balance, constructed after the desi^ of Whytlaw-Gray, Patterson 
and Cawood,’ and could easily be carried out to within o i per cent. 


* Knorr and Schwartz. Z, physik. Chem., A, 1930, 176, 161 ; Z, EUctrdefum,, 
* 934 . 40, 38. 

* Horiuti and Polanyi, Nature, 1933. 13a, 93* l *934. W* *4J^« 

* Whytlaw-Grav. l^tterson and Cawood. PfOi\ Roy .Soc,, 1931-32, 134* 7. 
The author is indebted to l>r. Cawood for personal advice concerning the con- 
struction of the balance. 
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The polarising current was drawn from a no volt dry battery through 
a variable high resistance, so that the polarisation in the cell did not alter 
the current density, once set. The potential measurements were made on 
a Cambridge potentiometer capable of measuring o-oi millivolt. 

Since the pressure in the cell was always less than atmospheric it was 
necessary to make the connection to the calomel cell through a sintered 
glass plate P, backed by a fairly hard agar gel G made in saturated KCl. 
This was found to give satisfactory electrical connection and would hold 
the atmosphere against 17 mm. (vapour pressure of water) with only an 
extremely slow leak of about 5 c.c. of solution in a week. This could be 
completely eliminated by reducing the air pressure in the calomel cell to 
something only a few^ mm. higher than that existing in the reaction vessel 
\^ The whole reaction vessel V, could be immersed in a dewar flask con- 
taining ice water. The total volume of reaction vessel and circulating 
system was 800 c.c. 

All the metal electrodes were made of platunum, the anode A and the 
hydrogen electrode H being 0*5 mm. wire. The electrode E is shown in 
section. It is a square tube 5 cm. long and 2 cm., on a side, containing 
nine baffle plates arranged as shown, made of plate 0*05 mm. thick. The 
total area both inside and out is 150 cm.* Thus the gas in passing up 
through the baffles must make intimate contact with the metal, and since 
between each stroke of the circulating pump the electrode fills with sr>lution 
w^hich must be pushed out again at the next stroke, the solution is also well 
stirred by the circulating gas. 

All three electrodes were platinised in the usual manner from a 3 {>er 
cent, solution of platium chloride containing 0 025 fK*r cent, of lead acetate. 
The electrode E was nev er made anodic in the course of this proce\ss, H 
being u.sed to plantinise A. During the course of the experiments the 
electrode remained jet black in colour except after it had l>een made anodic 
for a considerable period after w'hich it became grey. 

The hydrogen used was about 99 per cent. 1 ), made by electrolysing the 
corresponding heavy water in a KOH solution. It was purihed by passage 
through a palladium thimble. 

Procedure. After the electrodes had l>een platinised anti cU^aned of 
traces of chloride by cathodic discharge of hydrogen and washing in di.s- 
tilled water, the cell was assembled and evacuated until the [)re.ssiire of 
residual gas was less than 10-* mm. The solution was then admitted from 
the reservoir K until it covered the electrode E. This solution ct)ntains 
dLssolved air and the pumping is again continued until the residual gas 
pressure falls to less than 10 mm. I'he system is allowed to stand 
evacuated for 24 hours and any gases which may have come (nit of solution 
during that time are again pumped off. A sample of thimblcd ordinary 
hydrogen is then admitted through the tap S and circulated through the 
cell for a few minutes to saturate the solution with hydrogen and then the 
process of evacuation is repeated. After this deuterium is admitted to the 
desired pressure, 200-300 mm., circulated for a few minutes and a sample 
for analysis taken in a liter bulb at S. About 200 c.c. of gas at 300 mm. 
pressure are required for analysis but this gas is returned to the system 
with only a small loss, by mean.s of the gas transfer vessel, L, so that after 
each sample is taken and returned the total pressure of the system has 
fallen only by 5 to 8 mm. In the case of the pHf conversion only very 
small samples were required since the analysis was made by means of the 
micro-thermal conductivity method of Farkas, and many samples could be 
completely removed without appreciably altering the pressure.* 

Results. In the first experiments done in water the polarisation of 
the electrode was not measured because of the low conductivity of the solu- 
tion and the consequent high ohmic drop in the solution between the 
standard electrode and the catalysing electrode. The exchange reaction 

* Thanks are due to Mr. D. D. Eley for making these measurements. 
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velocity was measured as a function of the potential difference maintained 
between the anode A and the electrode F. The data so obtained at 20® C. 
and o® C., are given in 

Table I. and plotted in TABLE I. 

Fig. 2, the points for 

water being represented 

by circles. In the Table, p Ttoe 

P IS the polarizing poten- D. D. 

tial maintained lietween A ! 

and F and p is the pressure 

of the gas in the system. uuiter at 20*" C. 

The data is tabulated in 17*^ 79'4 o 0*0065 

the order in which they 79*4 21*6 60-2 o *0064 

were obtained showing ^'7 *0060 

that the changes there ^^5 « 0f>7 817 « 

apparent are (luite revers- 5 08*2 - v5 o 

ible. The variation in 257 68*2 ii 64-2 3*0 0054 

the unimolecular x'elocity 251 64*2 8*5 60*2 o 0073 

con.stant k - xjt in Co/C* 245 60*2 12 60-2 — 2*2 o 

to Ik* expc^cted from the 243 60 2 7*5 57*2 i*3 0067 

variation in* pressure ap- 238 57*2 11*5 53*6 —0*75 0057 

pearing here is within 0048 

the e a>erimental error ~ ^ 

of ^ ^ ^ ^ ^ ^ '0057 

Jn Table 11. are given /„ uater at 0° C. 
the resiilts^ ubtamed on ,«.,5 , 

0*01 A HjSO*, the plate 22 82*4 — 13 *0020 

having been repl.itinised ^2*4 21 78*2 1*3 0025 

iKdween these measure- 323 78*2 23*5 74*5 i*5 *0019 

ments and the preceding 310 74*5 25*5 71 *4 — 1-7 ooiO 

one.*<. 

4 (, and <f> are the poten- 
tials of thi* unpolarised and polaristKl plate resixjctivel^'* against the saturated 
calomel electrode ; will then Ik' the over-voltage or polarisation of the 

plate with re- 

A (^ours^'j spect to the re- 


p 

nun. 

Original 

Percent. 

D. 

Time 

(hrs.). 

Final 

Percent, 

D. 

1 

Polari$a> 
tion P. 

k hrs.-i. 

Jn water at 

20® C. 




189 

89 

17*2 

79'4 

0 

0*0065 

181 

79*4 

21*6 

69-2 

0 

*0064 

304 

92-4 

12 i 

86- 1 

— 0*7 

*0060 

-295 

86*1 

0-67 

8i-7 

0 

•0057 

270 

81-7 

35 

68*2 

0 j 

•0052 

205 

68*2 

6 

68*2 

~ 3*5 

0 

-257 

68*2 

II 

64*2 

30 

•0054 

-251 1 

64*2 

H*5 

6o*2 

0 

•0073 

-:45 

60*2 

12 

60'2 

' — 2*2 

0 

-243 

60 -2 

7-5 

i 57*2 

1*3 

•0067 


57 *^ 

115 

53 'b 

- 0*75 

•0057 

*234 

5 V 6 

8*17 

51*4 

- 1-7 

•0048 

-2-25 

5^-4 

1^*5 

' 51*4 

— 2*0 

0 

220 

51-4 

20-6 

45 *b 

0 

•0057 

In water at 0° C. 




350 

< 40*3 

18*25 1 

86*2 

0 

0*0026 

,LV> 

86*2 

22 

82*4 

- 1*3 

*0020 

33 « 

82*4 

21 

78*2 

1*3 

•0025 

3^3 

78 --- 

235 

74*5 

1*5 

•0019 


74-5 

25*5 

71*4 

- 1*7 

•00 1 0 



versible hydro- 
gen electrode in 
that particular 
solution. The 
current, *, is 
that required 
to maintain the 
corresponding 
polarisation, 
and it flows 
between the 
anode A and 
the electrode F. 
The data in 
this table axe 
also presented 
in the order in 
which they 


I. At 20® C, II. At o® C. 
Fig. 2. 


were taken. 
These data are 
^ain plotted 
in Fig. 2 and 


•Horiuti and Polanyi, Proc, M anc. Lit, Phil, Soc, 1934, 48, 47. 
‘•Polanyi and HJcy, TAis No,, p. 1388. 
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TABLE II. 



In 0*01 N H,S04 at o** C. 


374 

gq-8 

23 

93’ 8 

- 0*34 

0*34 

0 

0 

0*00269 

366 

93S 

21 

QO-I 

- 0*37 

— 0*38 

0*01 

0*5 

•00186 

360 

go-i 

20 


- 0-37 

~ 0-57 

0 

0 

•00244 

353 

85*8 

24 

83-1 

““ 0 325 

“ 0*35 

— 0-025 

0*7 

•00133 

347 

83-1 

42 

74*7 

~ 0*35 

- 0*35 

0 

0 

•00253 

337 

74*7 

21-8 

713 

- 0*345 

— 0*230 

0115 

20 

•00230 

332 

71-3 

21*8 

t>b*8 

- 0-34 

- 0*34 

0 

0 

•00288 

327 

66*8 

24 

62*3 

- 0-348 

~ o*o6 

0*408 

325 

•00288 

320 

62*3 

21*5 

5‘'<-3 

I — o*3b 

— 0*36 

0 

0 

•00209 

317 

5»*3 

243 

57*2 

- 0*343 

0*^7 

•81 

50 

•0007*) 

312 

.S 7-2 

41 

. 55-1 

0*33 

- 0*33 

1 

0 

i 

0 

•00085 


the points are repre.sented by x. The cathodic jx>larisatioii was not 
carried any further because of the commencement of gas evolution. The 
temperature variation of k obtained from mcasur€*ments at 20® at 0° Ci. 
and back again to 20® C., gives an activation energy of 8100 calories for the 
exchange reaction. 

A series of measurements using the electrode H as a reference electrode 
was also carried out, but it was found that the potential of H was very 
greatly influenced by the condition of the electrode F, and hence the 

results, although qualitatively 
the same a>s the other experi- 
ments cannot be quantitatively 
compared with them. 

A series of experiments to 
determine the effect of potential 
upon the rate of pH^ conv^ersion 
was run in A' H^SO*. Gas con- 
taining about 3 [>er cent. D and 
about 20 per cent, excess pH^ 
over the equilibrium concentra- 
tion was introduced into the 
system, and then small samples 
withdrawn at the desired inter- 
vals to be measured for their 
HI) and />H, content simultane- 
ously.* The results, though as 
yet only qualitative, indicate 
that the />H, conversion is ac- 
celerated under those conditions 
which retard the exchange re- 
£ action. 

3 * In order to establish the re- 

lationship between the electrode 
used here and those used by other workers the change of potential writh 
quantity of electricity passed was determined, in addition to the ordinary 
current-polarisation measurements. The potential-coulomb curves were 
taken between the small platinised electrodes A and H in o-oi N H^SO^ 
saturated with hydrogen at 277 mm. pressure. Starting with H in the 
condition of the reversible hydrogen electrode it was made anodic and a 
constant current allowed to pass. The change of potential as measured 
against the saturated calomel electrode is plotted as a function of time and 
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the result is in agreement with that of Slygin and Fnimkin with the 
depolarising action of the dissolved Hj taken into account. The curves 
obtained by plotting log i against cathodic polarisation were similar to 
those obtained by Hammett * and by Knorr and Schwartz. * A typical 
result is shown in Fig. 3. 


Discussion. 

One fact, immediately evident from these data, is that a comparatively 
small cathodic polarisation has the effect of greatly reducing the reaction 
velocity of the exchange reaction and that rather large anodic polarisa- 
tions up to a certain point have no effect upon this reaction velocity. 
These data are as yet insufficient to warrant an attempt at a full quanti- 
tative interpretation. We will be concerned here with pointing out the 
restrictions that must be impo.sed on any theoretical explanation of these 
results. 

Anodic polarisation has no effect upon the velocity constant below' 
about 07 volt positive to the reversible hydrogen potential. This result 
has been recently reported for a Ni electrode by Horiuti and Okamoto.^* 
If the plate is kept at some potential higher than this for a time long 
enough to measure the exchange velocity (10-20 hours) the velocity 
constant is reduced, irreversibly, to practically zero if the plate is suffi- 
ciently positive, and even prolonged cathodic discharge of hydrogen will 
not reactivate the surface. It is interesting to note that this critical 
potential of about 07 volt corresponds to a point of inflection in the 
potential-coulomb cur\’<’s described by Slygin and Fiumkin,'^ and also 
observed on this particular electrode. It is reasonable to believe that at 
this point the attack of the metal atoms of the electrode by the discharged 
anions commences and thus the surface is irreversibly changed as far 
as its catalytic activity is concerned.^* 

Before any predictions concerning the effect of potential on the ex- 
clTange velocity can be made, it should be noted that the passage of a 
current to or from tlie electrode must increase the rate of exchange by the 
corresponding amount. Since no oxygen is evolved (it would appear in 
Iheg as and manifest itself in the gas density measurements immediately), 
it must be reduced at the anode by dissolved hydrogen as fast as it 
arrives and hence deuteiium would disappear from the gas in proportion 
to the current passed, w hile exactly the same amount of hydrogen would 
appear at the cathode, which is already saturated with hydrogen. The 
relevance of this effect can be estimated from a comparison of the velocity 
constant on the unpolarised plate with the current passed for polarisa£ion. 
The velocity constant of the exchange reaction can be expressed as a 
pair of equal oppositely directed currents and the value of at 20^^ C., 
0*0062, gives an equilibrium current for the plate used of 4*7 X 10^* 
amps., taking 800 c.c. for the volume of the gas at 300 mm. pressiue. 
At 0° C. this would be reduced to I *9 X io~* amps. These are to be 
compared with the currents of the order of 10“* amps, which are required 
to maintain cathodic overv’^oltages around O-OI volt and currents up to 
5 X 10~* amps, for the anodic polarization, at this same electrode. It 
is apparent that in acid solutions the exchange due to electrolysis would 
be an important part of the total exchange both for cathodic and anodic 

Sly^n and Frumkin. Acta Physicochimica U.S,S,R,, 1935. 3 * 79i. 

Horiuti and Okainoto, Sci. Papers Inst. Phys, Chent, Research (Tokyo), 

*• Butler and Drever. Trans, Faraday Sac,, 193b, 32, 427 ; Previous work cited. 
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polarisation. This excess exchange was not observed even when the 
current passed corresponded to more than 50 per cent, of the total amount 
of hydrogen in the system. In the case of pure water as the electrolyte, 
the electrolysis current was always negligibly small and hence it was pos- 
sible in this case to get a complete cessation of the exchange reaction as 
far as could be measured by the means employed. 

It is evident that (2), ionization, cannot be rate determining, since in 
that case the velocity constant should vary with polarisation e according 
to (3), 

ln*. = ln*o+~ . . . . (5) 

neglecting the smaller of the two balanced equilibrium currents the 
difference between which constitutes the electrolysing current.* Hence 
anodic polarisation should increase the rate of the exchange. If any- 
thing, the anodic polarisation actually reduces the catalytic exchange. 

It may be suggested that the inability of anodic polarisation to 
accelerate the reaction according to (5) might be due to the limiting pro- 
cesses of solution or diffusion of molecular hydrogen, both of which would 
be unaffected by polarisation. These possibilities are rejected since the 
temperature coefficient of the reaction velocity is too large for such 
limiting processes, and moreover it seems that the para hydrogen con- 
version can be made to go as much as ten times fastci than the exchange 
reaction by simply applying a small cathodic overvoltage. 

The retarding effect of cathodic polarisation eliminates the possi- 
bility that (i), atomisation, be rate determining provided the atoms and 
molecules are in such a condition on the metal surface as to be unaffected 
by polarisation. 

It is important to note that the form of equation (5) remain.s tlie same, 
if the exchange reaction velocity is as.sumcd to be effectively limited by 
any single process, the activation energy of which is the only quantity 
effected by polarisation. We therefore turn to considetations in which 
the effect of two consecutive phases is taken into account. 

Upon the basis of work on the current-over\'oltagc relation it has 
already been pioposed by Hammett * that both (i) and (2) are important 
in limiting the rate of hydrogen deposition. If the activation energies 
of the two successive processes are about equal and are not affected by 
polarisation in the same way it may be possible to reconcile our re.sults 
with such a mechanism. In order that polarisation may have an effect 
on the activation energy of (l)^ it is necessary that the structure M — H 
or M — Hg be electrically a«iymmctiical, i.c. polar. fVom a consideration* 
of the effects of adsorbed gases and vapour.s upon the thermionic and 
photoelectric properties of metals it has been quite definitely shown 
that the surface electric fields of metals distort the adsorbed atoms or 
molecules with the resultant formation of dipoles. Suhrmann and 
Csech have reported that ad.sorbed hydrogen atoms lower tlie work 
function of such metals as Pt, Au, Ag, and hence the dipoles should be 
oriented with their positive ends away from the rnctal surface.^* The 

♦ Actually these currents cannot be neglected in the iKtlarisation rangt^s under 
discussion, but the simplified equation is used since this abbreviates the arguments 
without effecting its result. 

J. H. De Boer, Electron Emission and Adsorption Phenomena, Cambridge, 

1935- 

De Boer, and Veenemans, Physica, 1935, 9*5- 

Suhrmann and Csech, 2 . physik, Chem,, B., 1935, 215. 
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opposite conclusion as to the orientation of the dipoles of adsorbed 
hydrogen on tungsten has been reported by Roberts upon the basis of 
experiments indicating a decrease in the heat of adsorption of hydrogen 
on tungsten with increasing fraction of the surface convered. For 
metals in contact with hydiogen and acid solutions Bowden^® has in- 
dicated that the dipoles will have their positive ends away from the metal 
surface while Slygin and Frumkin propose the reverse. Since both 
Roberts, and Slygin and Frumkin base their conclusions upon observa- 
tions of the work of removal of the first monatomic layer of hydrogen on 
the metal surface, while Bowden, and Suhrmann and Csech were certainly 
working with more completely saturated surfaces it may well be, as De 
Boer has proposed for adsorbed alkali atoms, that the primarily ad- 
sorbed layer of dipoles is oppositely oriented from the successive ones. 
In any case, whichever way the dipoles may be oriented, a change in the 
electric field in which they arc situated w^ill affect the activation energy 
of their combination. 

Another possibility is that other factors besides the activation energy 
are affected by polarisation. Upon the assumption that a single reaction 
dominates jn limiting the reaction velocity the general relation for the 
variation in reaction velocity constant with any parameter (in this case 
polarisation P), as given by Evans and Polanyi,^* can be introduced. It 
is given by 

^ ^ Pi Pr 

DP R7 ^ ^ 


where jSj, is the derivative of the free energy of the initial state with re- 
spect to the parameter P (polarisation) and is the same quantity for 
the transition state. Thus in general jS is given by 




MH - TS, 

DP 


(7) 


where 7/, 7, and 5 , have their usual thermodynamic significance. If the 
entropy term is independent of polarisation equation ( 5 ) is obtained if 
Hr — Hj is taken as the activation energy of the reaction. But as has 
already been indicated the structures M — H and M — Hj are in all prob- 
ability ])olar and hence the entropy of these states will not be indepen- 
dent of polarisation and an effect of polarisation upon terms other than 
the activation energy mu.st result. 

These p>ussibilities are being fully investigated in these laboratories 
and a < omprehen.sive discussion will be withlield until tliese results are 
available. 

The author wishes to express his great indebtedness to Professor M. 
Polanyi for suggesting these experiments, for many discussions and his 
constant interest in this work, and for the opportunity to work in these 
laboratories. 


Summary. 

I. The exchange reaction D, H,0 HD -f HDO catalysed by a 
platinized platinum electrode has been investigated in neutral and acid 
solution. 


T. K. Roberts, Proc. Pety. Soc., 1035. 15a, 450. 
** Evans and Pblanyi, Tr. Far, Soc., p. 1333. 
Bowden, Proc, Roy. Soc., 194^^-30, 136 , 107. 
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2. It has been found that small cathodic polarisations retard the re- 
action reversibly, while large anodic polarisations up to about *7 volt do 
not increase the reaction velocity. At higher anodic polarisation the 
reaction is irreversibly inhibited. 

3. Some theoretical implications of these results are discussed, and it is 
shown that no unmodified existing theory can account for them. 

Department of Chemistry^ 

The University of Manchester, 


ACTIVATION OF HYDROGEN BY PHTHALO- 
CYANINE AND COPPER PHTHALOCYANINE* 

PART I. 


By M. Calvin, K. G. Cockbain and M. Polanvi. 


Received 2 ^lh June, 1936. 


The experiments reported in this paper were undertaken in the hope 
of throwing some light on the mechanism by which enzymes activate 
hydrogen. While the activation of hydrogen by metal catalysts and the 
similar action of metal oxides can, to some extent, be accounted for by 
the formation of surface hydrides, it is as yet completely unknown how 
an organic compound, such as the enzyme must be, can act as a hydro- 
gen ase. 

The observations described below, that ciy\stals of phthaluryanine 
and of copper phthalocyanine can activate molecular hydrogen, might 
indicate a line of approach to this problem. Wc seem to have here a 
pure organic body activating hydrogen, and we have reason to hope that 
the mechanism of this action will not be difficult to elucidate. It is 
significant that phthalocyanine contains a central ring very .'similar to 
that of porphin, which is the structural nucleus of chlorophyll and haemin, 
as well as of various enzymes lelated to ha^min playing a part in bio- 
logical exidation. The structure of phthalocyanine as proved by 
Linstead ^ is 






.N. 


1 C Cl 




-NH N- 


X 


N N 

C=N HN — C 


k 


/\/ \/ V 






^ R. P. Linstead, J.C.S., 1934, 
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The existence of a long chain of conjugated double bonds in phthalo- 
cyanine also suggests an analogy to the numerous biologically active 
substances containing such chains. The questions arising from such 
considerations are being considered in a theoretical communication by 
Mr. M. G. Evans and one of the authors. In this and the following paper 
we shall describe only our first observations on the action of phthalo- 
cyanine and some parallel experiments with copper phthalocyanine. 

Materials. 

Our samples of phthalocyanine and of copper phthalocyanine were 
both obtained by the courtesy of the Imperial Chemical Industries Ltd. ; 
the compounds were prepared and purified by Dr. R. P. Linstead as des- 
cribed by him. We are greatly indebted to both Messrs, The Imperial 
Chemical Industries Ltd., and Dr. Linstead for their help in making this 
work possible. 

The samples were composed of purple prismatic cr\'stals about 0*5 mm. 
long and 0-03 mm. thick. The .shape of these crystals was similar to those 
descrilicd by Rol>ertson * in his X-ray analysis of the phthalocyanines. 
On distillation in vacuo at 400® C. our samples of phthalocyanine sublimed 
without leaving a resuliie. The formation of a trace of a white substance 
(probably phthaludinitrile) was observed, and occasionally, when the 
distillation was carried out at higher temperatures, some green non-volatile 
residue, in.soluble in quinoline, was obtained. A microanalysis of 50 mg. 
of phthaIfK;yanine (combustion with an excess of concentrated sulphuric 
acid) left no trace, i.e., less than 0 001 mg. of ash. 

When small amounts of phthalocyanine are sublimed in vacuo the 
deposit forms a lustrele.ss green mass with no signs of crystalline structure 
under a magmficatic^n of 250-fold. In a number of e.xperiments we have 
dissolved this deposit and recrystallised it into normal purple crystals. 
Since it was important to eliminate any traces of metals we carried out the 
distillation of some samples in quartz vessels and after sealing ofi the side 
tulx^ from which the original cr>'stals had l>een sublimed we dissolved the 
green phthalocyanine sublimate in quinoline which had been freshly dis- 
tilled in (piartz. I he crystals obtained from this solution were washed 
with ether, also freshly distilled in cpiartz. Alternatively, benzophenone 
and alcohol (both distilled in quartz) were used instead of quinoline and 
ethgt respectively. 

The hydrogen employed was purified by passing through palladium 
while the o.vygen used was ordinaiy^ cylinder gas. 

I. Atomic Interchange between Hydrogen and the 
Phthalocyanines . 

When phthalocyanine or copper phthalocyanine is heated with hydrogen 
containing deuterium, an atomic interchange is observed between the 
hydrogen and the phthalocyanine. This is shown by the following experi- 
ments : 

1. 100 mg. of phthal(K'yanine were heated for 16 hours at 377® C. in 
150 c.c. of hydrogen (containing 7 07 per cent. D) at a pressure of 203 mm. 
At the end of this period the pressure was unchanged. The D-content of 
the hydrogen had dropped to 6*65 per cent. 

2. Another 100 mg. of phthalocyanine were heated for 20 hours at 
450® C. in 150 c.c. of hydrogen, p ^ ijo mm., D-content = 707 per cent. 
At the end of this period the pressure was again unchanged, while the 
D-content of the hydrogen had dropped to 5 97 per cent. The phthalo- 
cyanine distilled to the cool parts of the tube and deposited in purple 
needles. Some undistilled gr^n residue (see previous section) remained 

* Hobertson, 1935, 615. 

49 ^ 
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in. Blank (no catalyst) in Quartz at stx)** C. 
II. Blank (no catalyst) in I^’rex at 250® C. 
I. Blank (no catalyst) in Pyrex at 350® C, 


in the heated part of the tube. 60 mg. of the purple crystals were com- 
busted and the water formed showed 1-13 per cent. D-content. If the 

“ distribution 
factor for D 
between mole- 
cular hydrogen 

and organic 

CH or NH) is 
assumed to be 
^ about unity 

foo - the result indi- 

cates that 19 
j p(?r cent, of 

the H-atoms in 

m* phthalocyan- 

_ ine participate 

in the e x- 
change. Since 
the distribu- 
tion factor is> 
in fact, more 

/o 20 jfe Too favr)uraL>le to 

77 m, '"-ganic 

hydrogen, it 
might be that 

in. Blank (no catalyst) in Quartz at $(>0® C. lo 

II. Blank (no catalvst) in I^’rex at 250® C. ■ ^ent of 

I. Blank (no catalyst) in Pyrex at 350“ C. hydrogen 

atoms piUtici- 
pate in the re- 

tio > action, which 

\ could corre- 

. \ \s. sjxiad to the 

\ two il- atoms 

\ X in the central 

** \ ring Theques- 

\ N. tion whether 

\ X. H -atoms in 

1 \ this central 

j \ X^ ring are more 

1 \ X— (qj. readily 

y 7 o. \ \ N. e.x changed 

\ X^^ than those at- 

/<«. \ tached to the 

\ X. four Iwnzene 

/j*o . jir Y \ cannot 

' l)e decided vet. 

■ ^ ■ The fact that 

« *0 rc rmt, .f t00 copi>er phth- 

''w# alocyanine also 

shows an in- 

Three different samples of original material. terchange with 

I. About 50 mg. crystalline phthalocyanine in I*yrex at 253® C. xnolecular hy- 

II. About 50 mg, crystalline phthalocyanine in I^yrex at 290"' ('. nroves 

III. About 50 mg. crystalline phthalocyanine in Pyrex at 276® C. . . ^ ^ 

IV. Expt. II.. Fig. I. 

changeability 

is certainly not restricted to the hydrogen atoms in the central ring. 

3. loo mg. of copper phthalocyanine were heated for 2 1 J hours at 404® C. 
in 150 c.c. of hydrogen containing 7*07 per cent. D at a pressure of 182 mm. 


Fig. 2, 

Three different samples of original material. 
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The pressure again remained unchanged and the D-content of the hydrogen 
fell to 6'8i per 
cent. — A 

4. The same 
sample of loo mg. 
of Cu phthalo- 
cyanine was 
heated for 25 hours 
at 500® C. in 150 
c.c. of hydrogen 
containing c>o per 
cent. D, at 1 16 
mm. pressure. 

The D-content of 
the hydrogen fell 
to 62*4 per cent. 

In the course of 
this experiment 
the substance dis- 
tilled off and de- 
posited in long 
purple needles on 
the cool parts of 
the tube. 60 mg. 
of the purple 
crystals were com- 
busted and the 
water produced 
containeil 1 2 o jH*.r 
cent. I). Again, 
assuming a dis- 
tribution ratio of 
unity, about 1 7 
cent, of the 
hydrogen atoms of 
the Cii phthalo- 
cyanine have 
taken 4>art in an 
exchange reaction. 

Further experi- 
ments which prove 
the interchange 



1 . 


100 

i 


’Ttmt (hours) 

Fig. 3. 

sublimed phthalocyanine in quartz, 


135 


11 . 


between the phth- 
alocyanines and molecular hydrogen are to 
section. 


mg. freshlv 

1 rom analysis, partial pressure of oxygen at A 
mm. ; at B u i mm. 

Theoretical pressure drop corresponding to a stiochio- 
metric combination of H, -h O, is 402 mm, ; observed 
pressure fall is 382 mm. ; difference of 20 mm. due to 
water vapour. (No liquid air trap used.) 

30 mg, of phthaU>cyaiiinc, sublimed in pyrex. 

Portion LM, t -- 285® C. 

Portion NK, / 345° C. 

At L - 150 mm. ; at S ~ 134 mm. 

Theoretical pressure drop is 48 mm., observed pressure 
fall IS 44 mm. (Liquid air trap used.) 


be found in the loUovhng 


1I« Phthalocyanines Catalysing the Interchange between 
Hydrogen and Water. 

The experiments described below show that the phthalocy’unines are 
also capable of catalysing the atomic interchange between deuterium and 
water vapour. 

A sample of the catalyst was heated in a sealed pyrex tube with 90 per 
cent. D, and 50 — 60 mg. of HgO. After the experiment the density of 
the water, and in some cases the D-content of the remaining hydrogen as 
well as that of the phthalocyanine, were determined. The results are 
presented in the table. 

The blank experiments show that >vhile at a temperature exceeding 
to thal any of the catalytic experiments a trace of interchange was present, 
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Catalyst. 

Volume 
of Gas. 

Pressure 
at ao® C. 

Tempera- 
ture of 
Kcaction 
C. 

Time, 

Hours. 

Final D— 
of Gas. 

Dof 

Water. 

Din 

Catalyst. 

I. 100 mg. P.C. 

130 

162 

3t)0 

19 

Per Cent. 
7-2 

Per Cent. 

5-08 

Per Cent. 

0-82 

2. 100 mg. P.C. 

150 

13« 

y >5 

17*2 

t>o*5 

9-3 

I 

3. 100 mg. Cu. J\C, 

C55 

161 

353 

21-5 

— 

1*39 

— 

4. Blank run. 

No catalyst 

155 

157 

3«h 

22 

; — 

o* iS 

— 

5. 100 mg. P.C. 

155 

147 

^.55 

1 4« 

— 

1^*5 

— 

6. Blank run. 

No catalyst 

i#k> 

! 153 

34 ^> 

21-7 

— 

0*00 



7, 100 mg. P.C. 

155 

15-2 

200 

21 

— 

1*9 

— 

8. 100 mg. Cu. P.C. 

155 

15-2 

355 

21*2 


i-lS 



K: 





no exchange occurred in the range in which the catalytic exjx-riments 

were per- 
formed, 

K xperi- 
rnents i, 2, 

5, a n d 7 

h that 
the tern fx^ra- 
ture c(xdlici- 
ent of the 
catalysed 
reaction is 
small, corre- 
sjxmding to 
an activa- 
^ tion energy 

111 the vicin- 
itv r)f t} K, 


6/di 

S90 

seo 

S70 

S 60 

SJ^ 

? 

c 

X 

*>1 

c 


4X0 

44 a 


• i t - ti ^ 



Tx 20 JO jJ 40 4ir 

77 /wf (rrnnvtrs } 


KiC. 4 . 

Temperature 202 ® C. ; in Quartz. 

1. Abc^ut loo ms;. fre.shly sublimed phthalfK yanine. lActivity 
much greater than that of original samples.) 

II Sample I. on succeeding '*ay. (Activity much reduced.) 

III. Sample II. after recrystalhsation from Ixmzophenone and 

washed with alcohol. 

IV. Another 100 mg. of })hthalocyanine recrystalJised from quino- 

line and vva.shed with ether. 

(Operations mentioned for 111, and IV. carried out in quartz, 
as de.scribcd in text.) 

V. ICxpt, II. Fig. I. 


tween deuterium and water, than is free phthaicKyanine. 


It is ap- 
parent from 
a compari- 
son of ex- 
periments 3 
and 8 with 
experiments 
I and 2. that 
the copper 
p h t h a I o- 
cyanine as 
we have it 
is less active 
as a catalyst 
for the ex- 
change be- 


IIL Combustion of Hydrogen in Oxygen Catalysed by 
Phthalocyanines . 

The formation of water from its elements is catalysed by phthalocyanines 
at temperatures between 250® and 370® C. The experiments were carried 
out by heating 50-100 mg, of free phthalocyanine or its copper derivative 
with mixtures of H, and O, in tubes of pyrex glass and in quarts vessels. 
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Out of a great number of experiments, a few representative examples are 
described below. Blank experiments showed that the reaction was very 
minute below 370® C. in the absence of a catalyst. The reaction never 
failed to proceed when crystalline phthalocyanine (purple) was used, but 
the microscopically amorphous green deposit produced by sublimation of 
phthalocyanine was erratic in its action. To test this deposit formed by 
sublimation, a vessel was used with a small side tube from which the 
material was distilled into the body of the v^essel. Whatever residue re- 
mained was left in the side tube outside the heated zone. When larger 
quantities (100 mg.) of phthalocyanine are distilled in vacuo, it is possible 
to obtain a very active crystalline sublimate which easily loses most of its 
excess activity, however, during its catalytic action on the H, Of 
reaction. 

In several experiments a side tube immersed in liquid air was used to 
condense the water vapour formed. Nevertheless, a certain amount of 
water vapour, 
correspcinding 
to the resist- | 

ance to diffu- y/o 
sion from the 
reaction vessel 
to the side 
tulx^ built up. 

This showed 
itself in a re- J 
duced initial | 
rate of the 
total pressure t /JS” 
fall during the i 
first minutes I JJJ- 
of the experi- ct 



raenl. We 
estimate that 
the partial 
pressure of 
water was 
about 5 mm. 
in the first 
phase (*f the 
ex|)t‘riments. 
falling off as 
the total pres- 
sure (and with 


f/o 

S4C 


-L 

2 


i i 


tic 


-L- 

/r 


_J I L- 

10 iS JO 

Time ) 


SS 


I'lG. 5 . 

Siiinplc IH . Fig. 4 ; run at several tern j>eratu res. 
I. .\t ZQjn'. Scale ( 6 ). 

II. At 2-13'' C. Scale (a). 

III. Back again to C. Sv'ale (a). 


J i— 

40 


it the resist- 


ance to diffusion) fell off. 

In order to test wliether the H, and O, disappeared in stoichiometric 
amounts the gas w'as repc^atedly analysed by measuring its density (after 
passing through a liquid air trap) with a quartz gas density balance.* The 
result showed that the pressure fall was actually due to a stoichiometric 
combination of H* and O,. 

The analysis by gas density measurement is correct only if no gases are 
formed during the reaction which can pass the liquid air trap. The absence 
of such gases w'as demonstrated by passing the anal\’sed gas over heated 
copper* copper oxide, w hen complete disappeance of the took place. 

We found traces of a gas formed during the catal>^c reactioo which 
condensed in the liquid-air-cix>led side tube and was released at solid CO* 
temperature. In general, no precautions were taken against contamination 
of the catalyst by the vapours of tap grease or mercur>\ Such precautions 


• Whytlaw-Gray, Patterson, and CavMxxl, Pror. Rvy, Soc., A, 1931, 1^, 8. 
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are actually unnecessary since some experiments, in which such vapours 
were cut off by a liquid air trap, differed in no way from the others. 

Fig. I shows a few blank experiments made in the pyrex tubes and 
quartz tubes actually used for the catalytic experiments. These curves 
are indicated by a dotted line in the later diagrams which represent various 
runs using phthalocy^ne and copper phthsdocyanine. The specific con- 
ditions of each experiment are indicated in the legend. 

Fig. 2 shows the reaction on several different samples of phthalo- 
cyanine at a number of temperatures. In Fig. 3 are longer runs, one of 
which was carried to completion, i.e,, all the oxygen present consumed. 
The partial pressures of the oxygen, as obtained by analysis are indicated 
at vSeveral points, and it is apparent that the fall in 
pressure corresponds to the stoichiometric combination of 
hydrogen and oxygen when the presence of the water 
vapour is taken into account. In some of the experiments 
up to 20 mols. of hydrogen were burned per mol. of cata^ 
lyst. Fig. 4 shows a series of runs in quartz vessels 
upon a sample of phthalocyanine after it had been sub- 
jected to various treatments. From these it is apparent 
that distillation and recrystallisation do not decrease the 
catalytic activity. This, together with the result of the 
aforementioned microanalysis makes it seem certain that 
the observed effect is actually due to the 
compound itself and not to any impurities in 
the form of free metal or metal oxide. In 
Fig. 5 is shown a series of runs from which 
an activation energy of about 17*6 K cals, is 
determined. This value is supported by other 
unpublished results. It is, as yet, impossible 
to analyse the kinetics of this heterogeneous 
reaction, but at least in 
the initial stages of the 
reaction, and sometimes 
extending over more than 
50 per cent, of the reac- 
tion, the velocity seems to 
be independent of lx)th 
hydrogen and oxygen 
pressure. 

In Fig. 6 are shown a 
few' of the large number 
of runs made on cop|xrr 
phthalocyanine and the 
anology with the free 
phthalocyanine i.s appar- 
ent, However, a detailed 
discussion of these experi- 
ments is deferred on ac- 
count of the possibility of oxidation and CuO, Cu, catalysis.^ 



200 


iSo 


300 


'Time (m I 
Fjg. 6. 

I. 100 mg. crystalline copjxrr phthalocyanine in 
pyrex at "270*^ C. 

From analysis, partial pressure of Og at A «« 
124 mm/; at B s i mm. 

Theoretical pressure drop is 369 mm. ; observed 
pressure drop is 360 mm. (Liquid air trap 
used.) 

II, 30 mg. crystalline copper phthalocyanine in 
pyrex at 360'' C. 


IV. Experiments on Solution of Phthalocyaaines and on 
Other Organic Compounds. 

An attempt was made to find the exchange reaction between deuterium 
and phthalocyanine in solution. As solvent we used benzophenone at 

* No such objertion can be raised against the reactions on copper phthalo- 
^anine described in the preceeding section, in which no oxygen was present. 
Dr. Linstead has stated in a private communication that no free metal should be 
present in either the phthalocyanine or the Cu-phthalocyanine with which he 
supphed us. 
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3CK>® C., quinoline at 270® and 310® C. (in a sealed tube) and cold concen- 
trated H,S04, in all cases with negative results. It seems that solvation 
blocks the catalytic centres of the phthalocyanine molecules. 

These negative experiments demonstrate that quinoline and benzo- 
phenone certainly are incapable of reacting with molecular hydrogen. An 
experiment in which anthracene was heated for 20 hours at 300® with D, 
also showed no exchange. 


Summary. 

1. Crystals of phthalocyanine and of copper phthalocyanine have the 
capacity to activate molecular hydrogen, (a) They show atomic interchange 
with molecular hydrogen. (6) They catalyse the atomic interchange 
between molecular hydrogen and water vapour, (c) They catalyse the 
formation of water from hydrogen and oxygen. 

2. The activation energy of (6) is very small, in the vicinity of 6 K cals. 
The activation energy of (c) is larger, being about 18 K cals. 


ACTIVATION OF HYDROGEN BY PHTHALOCYAN- 
INE AND COPPER PHTHALOCYANINE. PART 
11 . 


By M. Calvin, D. D. Eley and M. Polanyi 
Received 2 $th June^ 1936. 

The contusion reached in the previous paper that molecular hydrogen 
is activated by phthalocyanine compounds receives further support from 
the obserN’ation described below showing that para- hydrogen is converted 
into normal hydrogen by cr>"stals of phthalocyanine and copper phthalo- 
cyanine. The rate of conversion w’as found to have a positive tem- 
pcratlire coefficient, hence it is not a paramagnetic effect (“ low tempera- 
ture mechanism ”), but must be due to a disruption of the hydrogen 
molecules (*’ high temperature mechanism ”).' 

Experiments and Discussion. 

Three samples, I., II., III., of phthalocyanine were used. I. was the 
original material as obtained from Dr. Linstead. II. and 111 . are the same 
samples that were used in experiments IV., Fig. 4, and III., Fig. 4, re- 
spectively of the previous paper, i,e. substances distilled and recrystallised 
with special precaution. The para-conversion was carried out after the 
H| -f O, experiments in the same vessels. Preliminary" to the introduction 
of para-hydrogen the catalyst was baked out for an hour in \’acuo at 300® C. 
The para-hydrogen, which was about 10 per cent, excess over the equili- 
brium concentration, was analysed by the micro method of Farkas • in the 
modified apparatus of Eley and Tuck. • In the table the rates of conversion 
are expressed in terms of first order constants h. Evidence that the re* 
action is first order is given below. 

From experiments 5 to 8 an activation energy of 5700 calories was de- 
rived (Fig. i). Experiments 10 to 13, represented in Fig. 2, show the first 
order rate. Comparison of exj^eriments 10-13 with 14, and of 8 with 9 
show that a 20-fofd change of pressure does not effect the rate constant. 

^ Bonheeffer. Farkas, and Rummel, Z, pkysikaL Chentie, B, 1933. 215. 

• A. Farkas, ibid,, 344. • Eley and Tuck, this no, p. 1425. 
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TABLE. 


No. 

pHi Pressure, 
mm. 

Temperature, 

Time, 

Hours. 

A* 

Hours^i. 

Sample I. 50 mg. phthalocyanine in a pyrex vessel (zoo c.c.). 

I 

8-0 

252 

i 6*4 

0133 

2 

8-0 

196 

3 

0062 

Sample II. 100 mg. phthalocyanine, distilled in quartz vessels and recrystaf 
lised from quinoline in quartz. 

3 

i 15 

295 

1*5 j 

0*15 

4 

20 

287 

— 1 

014* 

5 

8-5 

^50 

16-5 

0027 

6 

1 8-5 

303 

— 

0-15 t 

7 

: 8*5 

193 

12 

0044 

8 

8-5 

354 

— 

0*21 t 

9 

0-4 

345 

0*87 

0*21 


Sample IIT. 


loo mg. phthalocyanine distilled in quartz vessels and recrystal- 
lised from bcnzophenone in quartz. 


10 

8-5 

285 

0*52 

0*27 

II 

«'5 

285 

1*35 

0*2 2 

12 

«'5 

285 

2'<)7 

0*21 

13 

8-5 

285 

4*0 

0*21 

M 

0*3 

278 

3 

018 

14a 

14 corrected to 

.185 


0 23 

Sample I^^ 100 mg. copper phthalocyanine in quartz. 

15 

19 

285 

325 

0*13 

Sample V. 150 mg. copper phthalocyanine in quartz. 

16 

8-5 

286 

4*5 

023 

i 7 

8*5 


13*5 

0*07 

18 

8*5 

354 

0-93 

0*47 


7 


• Average of 3 analyses. These were taken by extracting small qu inUties of 
gas by means of a lock, at various times. 

t Average of 4 analyses made at various times. 

These observations conform with the assumption that the conversion is 
due to adsorption on a set of centres of uniform energy, the heat of 
desorbtion being — 5600 calories or less. 

A comparison of the results on samples I., 11 ., and III. shows that dis- 
tillation and recrystallisation in quartz vessels, a process which might be 
expected to remove or at least greatly to reduce any traces of free metal 
originally present in the material, has no effect on the catalytic activity. 
We consider, therefore, that this activity is due to the pure organic sub- 
stance. 

The observed activation energy of 5700 calories is of the same order 
as the activation energies observed for the />ara-hydrogen conversion on 
metal surfaces. The fact that our conversion rates are slower than those 
obtained on metals is only partly due to the smallness of the active 
surface which is of the order of lO cm.* (see previous paper). A comparison 
of the total number of molecules striking the surface having an energy 
greater or equal to 57^ calories with the actual number converted leads 
to a “ steric factor of 10“*®. The reaction thus appears to have a very 
small entropy factor arising, no doubt, mainly from a very precise con- 
figuration of the transition state in co-ordinate space. 
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A few experiments carried out on copper phthalocyanine show that its 
action is very similar to 
that of free phthalocyan- 
ine. The two samples, 

IV., V„ of copper phth- ^ 

alocyanine were the un- 
treated original crystal- ^ 

line material as obtained 
from Dr. Linstead. The .. 

samples in quartz vessels ^ ^ ' Ni 

were baked out at 330° C. 
in vacuo for alx>ut an ' * ' \ 

hour. Hoth the amount _ 

of conversion expressed * ^ ~ 

in the absolute value of _ 

the constants and the ^ ^ 

activation energy of 
about 5000 calories ob- i 8 • 

tained from experiments 

ib, 17, 18, are quite simi- 27 , \ 

lar to the' corres|x>nding N. 

data of phthalocyanine. 

A certain amount of ^ 

“ low* temperature con- 

version is to be expected . V 

since copper phtluilo- 4„ i j 1 a l.,, i, — 

cyanine is para mag- 

netic,* but the positive * 

temperature coefficient i* 

indicates that at the 

temperatures u n d e r 

con.sidcration the con- 00^ 

version proceeds pre- \ 

dominantly through a ^ 

disruption of the \ 

H — ri bond as is the ^ \ 

ease with free phthalo- Tb^ V 
cyanine. \ 

T h e a c t i V a t i o n \ 

energy’ involved in the \ 

activation of hydrogen \ 

by the phthalocyanine ^ ^ \ 

is so small that the \ 

processes arising from \ 

it should easily be ob- \ 

servable at ordinary \ 

temperatures if the \ 

phthalocyanine could \ 

be spread out so as to ' 

present a large surface 

area. Experiments 7 *^ I j j ■ nj - | ^ 

are in progress to ' 77^^ 

realize this condition. Pi^ 2. 

A monolaycrof loomg, 

* Klemm and Klemm, iT. praktiseke Chemit, 1935, * 43 * 


7/ me (hovr^) 
Fig. 2. 
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of phthalocyanine having an area of lO* cm.* would convert per 
second, at 40° C., 80 c.c. of para-hyArogtn at the prevailing pressure, 
From a similar calculation based on the (quite provisional) figure of 
17,500 calories for the activation energy of the Hj + O, reaction catalysed 
by phthalocyanine we obtain an oxygen consumption of 25 c.c. for lOO 
mg. of catalyst. 

These figures show that minute quantities of phthalocyanine spread 
out in a monolayer can activate hydrogen at body temperature at a rate 
far exceeding the rate of respiration ; the actual burning of hydrogen, 
however, would be slower than the rate at which oxygen is consumed by 
the human body. 

Although the positive temperature coefficient of the para-hydrogen 
conversion indicates that the reaction goes through a stage involving the 
disruption (weakening) of the H — H bond, this does not necessarily imply 
that the Hj + Dg == 2HD reaction will go at the same rate, a corre- 
spondence which has been observed by Fajans on nickel surfaces,® 
Such will be the case only if the mobility of the resulting H atoms on the 
phthalocyanine is so great that the probability of molecular desorption 
of any hydrogen atom with its original partner is not greater than the 
probability of desorption with another adsorbed hydrogen atom. In the 
case of the phthalocyanine it would seem that the probability of desorp- 
tion of the original pair is great since the chemisorption of the hydrogen 
molecules may take place in the central squares formed by four nitrogen 
atoms of each phthalocyanine molecule. Such activating centres would 
be widely separated from one another, and there would be little chance 
of atomic interchange between pairs absorbed on different centres. 
Future experiments on the + D2 reaction will elucidate this point. 

It is to be expected that compounds related to the phthalocyanines 
also exhibit their capacity to activate hydrogen. Similar tests are being 
carried out on chlorophyll, haemin, and related compounds. 


Summary. 

1. Crystals of phthalocyanine and copper phthalocyanine catalyse the 
conversion of /»ara-hydrogen into normal hydrogen. 

2. The activation energy of the conversion on free phthalocyanine is 
5700 calories, ■w'hile tbdt on copper phthalocyanine is about 5000 calories ; 
the temperature indej^ndent factor is small and the first order constant is 
independent of pressure. 

3. The positive temperature coefficient of the reaction shows that it 
involves a disruption of the H — H bond by chemisorption, 

4. A few milligrams of a substance acting like phthalocyanine spread 
out into a monolayer could account for the rate of metabolism in the 
human body. 


^ E. Fajans, Z. physikal. Chemie, B, 1935, a8, 239. 



POLAROGRAPHIC INVESTIGATIONS OF ANHY- 
DROUS ACETIC ACID SOLUTIONS. 

By D. MacGillavry. 

Received ^oth June, 1936. 

Over potentials can be conveniently studied experimentally, using the 
polarograph as designed by Heyrovsky,^ especially as a single experiment 
gives a complete curve of the relationship between potential and current 
for the cell under investigation. 

Though the specific influences of the cations present in aqueous solu- 
tions on the conduction of the current are well understood * the theoretical 
interpretation of many other details still remains doubtful.* The diffi- 
culties arising in the theoretical interpretation result from the fact that 
we are dealing with systems not in thermodynamical equilibrium, so that 
in addition to the properties determining such equilibria, we have to take 
into account the velocities of all the possible mechanisms governing the 
conduction of the current. 

Up to the present only aqueous solutions have been investigated with 
the polarograph. Much work has been done on the waves caused by 
cations and on the maxima caused by oxygen and other “ surface active 
substances. It is not knowm whether these polarographic characteristics 
are dependent only upon the solutes regardless of the solvent, or if marked 
changes Vill occur w'hen w'orking with the same solutes in other solvents. 
The importance of this question is apparent. 

This paper describes some preliminarx" experiments with solutions in 
anhydrous acetic acid. The polarograms obtained reveal features which 
are quite distinct from the well-known phenomena shown by aqueous 
solutions. 


Experimental. 

Anhydrous acetic acid was prepared by adding borontriacetate in 
slight excess to 99-8 per cent, acetic acid and fractionating the mixture. 
This method has been described by Eichelberger.* The anhydrous acetates 
were prepared by crystallisation from mixtures of acetic acid and acetic 
anhydride followed by recrystallisation from anhydrous acetic acid.* 

All experiments >vere carried out wdth the dropping mercury cathode 
and a mercur>' anode. Most of the solutions were used in the ordinary 
small cells with flat bottoms giving a large anode area. In order to work 
with small v^olumes of solution a special cell was constructed (see Fig. i). 
The use of an anode wdth a small area was possible, since with dilute 
solutions the currents were very small. 

* M. J. Heyrovsky, Bull. Soc. Ckim. France. IV, 1927, 41, 1224. 

•J. Heyro>'sky and V. llkovic. Coll. Czechoslovak Chem. Communv^ations , 
^933* 7. 198. 

* Recently I). llkovic has given a mathematical theor>’ of the Maxima on 
current voltage curves, ibid., 1936, 8, 170. 

^W. C. Eichelberger, /. Am. Chem. Soc.. 1933. 55 . 3O33. 

* 1 . M. Kolthofl and A. Willman, ibitL, 1934< 58, 1007. 
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The Nejedly galvanometer had a sensitivity of 9*29 X amp. for 
I mm. deflection at a distance of i meter. The sensitivity was reduced 
when necessary with a Nejedly reducter box. In the actual set up the scale 
w^as 30 cm. from the galvanometer, so that i mm. along the current axis 
was equivalent to 3*1 = io~* amp. The series of parallel potential lines 
w^ere 100 mm. long and 10-5 mm. apart in the original polarograms. 

Since the simplest polarograms in water are obtained with the salts of 
heav)'^ cations and stable anions, these experiments deal mainly with solu- 
tions of heavy cations in anhydrous acetic acid. It is of interest first to 
compare pure acetic acid and distilled water. The cations of both solvents 
are hydrogen ions. Hence, one might expect a gradual transition from the 
well-known polarograms oif acid solutions to those of the pure solvents. 
This is not the case ; at least no hydrogen waves or any changes due to 
deposition of hydrogen could be observed. 

Very dilute solutions of HCl all giv'e polarograms consisting of an almost 
horizontal part at lower voltages, a sudden break, and a logarithmically 
rising part at higher voltages. At still higher voltages the steeply rising 
part flattens off to the saturation current. With one particular cell a 
polarogram w'as first taken with the sensitivity of the galvanometer re- 
duced to i/ioo. Then, after addition of KCl another polarogram was 
taken. The conductivity had increased so much, that 
the sensitivity of the galvanometer could be reduced 
to 1 /2000. A hydrogen w'ave could no longer be 
traced, the amount of hydrogen ions being too 
small to l)e detected with the lower sensitivity. The 
pcjlarogram showed only the usual potassium wave. 

Next, a polarogram of a cell filled with distilled 
water was taken wdth sensitivity i/io. The curve 
obtained is a nearly straight line, only slightly curved 
over the whole Inegth, fc^ing convex to the voltage 
axis. The polarogram shows no break nor weaves 
throughout the whole voltage range up to 3*8 volts. 
No special .surface phenomenon is revealed. It is in- 
teresting to note that the oscillations caused by the 
dropping mercury cathode increase proportionally 
with the total current inten.sity. 

Anhydrous acetic acid is a very poor conductor. 
Therefore the cathode was placed at very small dis- 
tance from the large anode surface, the distance being kept just large enough 
to prevent the mercury droplets from touching the anode. With this cell, 
even using the highest sensitivity, only a very slight deflection of the 
galvanometer, increasing with the voltage, was observed. 

It is evident from these observations, that the acetic acid, like w^ater, 
contributes very little to the conductivity of the solutions at all voltages 
and that all waves and other specific phenomena are caused by the dis- 
solved substances. This does not mean that the solvent cannot have a 
great influence on the general apj)earance of polarograms, as we shall have 
occasion to note. 

Acetic Acid Solutions of one Electrolyte. 

All the acetic acid solution .s investigated behave quite differently from 
aqueous solutions, in that it was never necessary to free them from dis- 
solved oxygen, so that the ordinary precautions to exclude oxygen from the 
solutions were quite superflous. The appearance of an oxygen maximum 
in some of the polarograms was probably due to the presence of oxygen 
together w ith traces of water ; such maxima could be made to vanish by 
passing nitrogen through the cell. 

A second interesting peculiarity is that all p<|arograms obtained with 
dilute solutions are almost perfectly straight lines (Fig. 2). The oscillations 
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caused by the cathode always increase proportionally with the total current. 
This was observed with the dilute solutions of HCl, LiCl, NaCH,COi and 
with the saturated solutions of Cu(CH3C02)2 and Cd(CH,CO,),. This 
behaviour suggests that the slowest process determining the rate of electric 
conduction takes place in the interior of the solutions, probably partly 
because of the high resistance. However, the entire absence of waves 
characteristic for the cations is very remarkable. The polarograms of 
these dilute solu- 
tions are similar 
to those obtained 
with acetic acid 
and water, in this 
respect that no 
waves are found, 
although the dilute 
solutions in acetic 
acid have a higher 
conductivity than 
that of the pure 
solvent. The sensi- 
tivity of the gal- 
vanometer was re- 
duced, for instance, 
to 1 /4 with the 
saturated solution 
of Cu(CH,C()3),. 

With more concentrated solutions of NaCHaCO* the following ob- 
servations w'erc made (Fig. 3). At voltages up to 2 volts the current 
density increased slowly. At alx>ut 2 volts the polarograms show a sudden 
l>end. apimrently caused by the Na-^ ions At still higher voltages the 
curve is almost perfectly straight, the slope lx?ing greater than at voltages 
below ’2 volts. This section of the p>olarogram is different from that ob- 
tained in aqueous solution, since the change in current is proportional to 

the increase of voltage, whereas 
in aqueous solution the relation- 
ship IS a logarithmic one. F urther- 
more, even at 7-6 volts no indica- 
tion of a saturation current could 
1^ detected. 

Thus, in acetic acid solution 
the characteristic potential for ^ 
Na^ ions cannot be derived in the 
manner proposed by Heyroysky,* 
unless the potential giving half 
the diffusion current has a much 
higher negative value than the 
corresponding potential in aqueous 
solutions. This, however, would 
produce a theoretical difficulty, 
because the potential of the 45® 
tangent point (the sharp bend) 
Avould have to shift much more 
upon dilution than would follow 
from Heyrovsky's fonnula. The increase in current density below 2 volts 
is not quite proportional to the voltage ; there is a little more rapid in- 
crease ^tween 0*4 and i-6 volt. This can be attributed to a mercury 
wave. Mercury could be detected in solution afterwards. 

No mercury wave can occur w^hen chlorine ions are present in solution. 
This was demonstrated in the follqwing w^ay. A solution of HgCl, in 
acetic acid was shaken with mercuiy. Then, the solution was decanted 
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from the heavy precipitate of Hg,Clj into a cell for investigation. The 
pol£^ogram was taken with the highest sensitivity and again was a nearly 
straight line, with a very slight slope (Fig. 4). These systems are com- 
plicated, however, by the precipitation of c^omel in all solutions containing 

chlorine ions, 
whenever the volt- 
age is increased 
above i *8 volts. 

Since the char- 
acteristic features 
in polarograms are 
only shifted but 
not changed by 
varying the con- 
centrations within 
reasonable limits, 
it appears desir- 
Fig. 4 , able to descril^e 

these results, 

though they are of a qualitative nature only. We wish to extend the in- 
vestigation to solutions containing several cations and to check the 
present results quantitatively, giving special attention to the transition 
from the polarograms of dilute solutions to the more concentrated solutions. 

Summary. 

A first report has been gn en on polarographic investigations with the 
dropping mercury' cathode of solutions of anhydrous acetic acid. 

Oxygen does not cause maxima in the com]>Iete absence of w’ater. 

The polarograms of dilute solutions are practically straight lines, 
showing no waves or breaks characteristic of the ions in solution. 

The polarograms of a more concentrated solution of NaCH*CO, show 
a sharp bend at about 2 volts and a straight continuation above 2 volts. 
The small wave below 2 volts may be due to mercury. 

The polarograms obtained are discussed and compared with the polaro- 
grams of aqueous solutions and of the pure solvents water and acetic acid. 

My thanks are due to Professor J. Gillis for his kind interest in this 
work and to the Dutch Committee for intellectual co-operation between 
the Netherlands and Belgium for a grant. 
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THE KINETICS OF THE THERMAL DECOMPOSI- 
TION OF ALKYLENE OXIDES. 1. ETHYLENE 
OXIDE. 

By H. W. Thompson and M. Meissner. 

Received yd July, 1936. 

The desii ability of examining the kinetics of the homogeneous 
thermal decomposition of the vapours of a series of related compounds 
has recently been frequently emphasised. Hinshelwood and his colla* 
borators have for example studied the relationships with aldehydes and 
ketones/ and with ethers, while Steacie and others have examined the 
series of alk>d nitrites.^ Interest in the problem has increased as a lesiilt 
of certain .hypotheses wdiich have been suggested with regard to the 
mechanism of the reactions involved. On the one hand, the intervention 
of reaction chains in the processes has been considered, free alkyl radicals 
playing an important part in the propagation of the chains ; ® on the 
other, there has been the discovery of the segmented nature of the curve 
connecting the “ uni molecular ” velocity constant for the decomposition 
of a particular substance with the initial concentration employed.* This 
result has been interpreted as perhaps being connected with a localisa- 
tion of tlie cnergv’ of activation in different f)^rts of the same molecule, 
or with different types of activated state, with the consequence that a 
decomposition giving similar products may occur via independent 
mechanisms. 

A comparison of the data with a homologous series of aldehydes has 
proved interesting as a means of suggesting the particular linkages or 
modes of vibration in which the energy of activation may become local- 
ised. It seemed therefore fitting to study the relationships with another 
series of homologues, the alkylene oxides, many of the simplest of which 
arc very volatile and suitable experimentally. The present paper deals 
with the simplest member of the series, ethylene oxide. The data for 
propylene oxide, which shows significant differences of detail, w'ill be 
given later. 

The kinetics of the thermal decomposition of ethylene oxide have 
been studied previously by Hcckert and Mack.^ The reaction was 
found to be homogeneou» over the temperature range 380-444° C., giving 
as products carbon monoxide, methane, and a little hydrogen and ethane. 
Making corrections for a noticeable induction period, the course of the 
reaction could be represented by a “ first order ’’ equation, and over the 
range of pressure used (loo-iooo mm.), the velocity constant was suffici- 
ently independent of initial pressure to indicate an essentially first order 
process. On the other hand, a “ falling-off ” with decreasing initial 

^ Proc. Roy, Soc., A , 1926. ill, 245 ; 1926, 1 13, 221 ; 1933* * 4 *. 41 I i 934 » 

: 193,5. 149. 340. 355 

*J. Chem. Physics, 1934, 345 ^ 1935 * 3 » 344 - 

• Rice and Herzfeld, J, Am. C, 5 ., 1934. 56, 284, and a later series of papers. 

* Fletcher and Hinshelwood, Proc. Roy. Soc., A , 1933. 141, 41 ; Hinshelwood, 
Fletcher. Verhock and Winkler, ibid., 1934. I4<i, 327. 

Am . C . S ., 1929. 51, 2706. 
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concentration was noticed, but not examined in detail, Tlie energy of 
activation was ca. 52,000 cals. 

Heckert and Mack interpreted the induction period as involving, in 
part, a primary isomerisation to acetaldehyde, and from the retarding 
influence of many inert gases inferred the presence of reaction chains. 
A considerable alteration in the surface-volume ratio of the reaction 
vessel, did not, however, affect the reaction velocity. 

On the basis of the data of Heckert and Mack, and assuming that at 
the highest initial pressures used by them the truly unimolecular course 
of the reaction had not yet been reached, Ramsperger • calculated the 
number of squared terms between which the energy of activation must 
be divided, and found it to be greater than 14. 

The results given below are in almost complete agreement with those 
of Heckert and Mack. They go further, however, and provide additional 
knowledge concerning the mechanism of the reaction. It is possible to 
measure the rate of the reaction up to temperatures some fifty degrees 
higher than the highest used by Heckert and Mack, and the complica- 
tions introduced by the induction period are thereby largely eliminated ; 
the possibility of interference by .surface processes is also relatively 
decreased. More important, however, is the result that the “ falling-off 
of the velocity constant with decreasing pressure is rather more noticeable 
at the higher temperatures. 

Several theoretical discussions of the reaction have recently been 
published. Kassel ’ has contended that the mechanism proposed by 
Heckert and Mack is untenable since the acetaldehyde formed by a 
primary isomerisation would decompose much more rapidly than actually 
occurs. Fletcher ® has suggested that ethylene oxide undergoes two 
simultaneous primary reactions, one an isomerisation to give acetalde- 
hyde, the other a decomposition to give free radicals, whicli then catalyse 
the decomposition of the aldehyde. This interpretation has been 
treated mathematically by Sickmann,® who has thus obtained a quali- 
tative explanation of the induction period and has interpreted the 
retarding influence of foreign gases a.s resulting from their power of 
facilitating the recombination of free radicals. These several hypo- 
theses are discussed below. 

Experimental Method. 

The reaction was followed by measurement of the pressure change at 
constant volume. The apparatus and general procedure were .similar to 
those previously described in the investigation of other similar decom- 
po.sitions.'® The reaction vessel was a cylindrical pyrex bulb of ca. 250 c.c. 
capacity, enclosed within an electric furnace. Temperature was measured 
by means of a platinum-platinum rhodium thermocouple in conjunction 
with a previously calibrated galvanometer. The reaction vessel was con- 
nected to a capillary mercury manometer, and via taps to a vessel con- 
taining liquid ethylene oxide, and to other containers of inert gase.s. The 
whole system could be evacuated by means of a Hyvac oil pump backing 
a mercury vapour pump. For the experiments in packed bulbs a cylin- 
drical pyrex vessel containing many lengths of pyrex glass tubing was 
used, the relative surface-volume ratio of the peicked and empty vessels 
being about eight-fold. 

• Chem. Rev,, 1932, lO, 27. 

^ Kassel, Homogeneous Gas Reactions, 1932, p. 2B4. 

•/. Am. C. S., 1936, 58, 534. */. Ckem. Physics, 1936, 4, 297. 

Compare J.C.S., 1935, 1443. 
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The ethylene oxide was a Kahlbaum product, refractionated in vacuo, 
the middle fraction being used. A second sample supplied by British 
Drug Houses Ltd. was fractionated, and gave the same results. 

Products and End-Points. 

According to Heckert and Mack, ethylene oxide decomposes, giving 
exactly loo per cent, increase in volume. The temperature at which this 
measurement was made is not recorded, and it is assumed that at all the 
temperatures used, i.e., up to 445° C'., and for all initial pressures, the 
pressure is exactly doubled at the completion of the reaction. Our 
measurements do not agree with this. At low temperatures and with low 
initial pressures, the pressure increase observed was ca. 100 per cent., but 
this decreased with incretusing temperature or increasing initial pressure, so 
as to fall to l>elow 80 per cent, at the highest temperatures and with the 
highest initial pressures. This is apparently to be explained by the 
occurrence simultaneously with the decomposition of a condensation 
process, the extent of 
which is increased as 
the pressure or tem- 
perature is ‘increased. 

Such concurrent con- 
densation reactions are 
common to analogous 
decompositions. A 
dark solid product is 
formed in the reaction 
ves.sel at high tempera- 
tures, which subse- 
quently slowdy decom- 
poses. As the analyses 
given below show, the 
bulk of the decom- 
position follows the equation : 

C2H4O -V CH4 CO. 

A pressure increase of 90 per cent, implies that 95 per cent, of the ethylene 
oxide decomposed according to this main reaction. For the purpose of the 
kinetic measurements, it was therefore necessary to construct calibration 
curves from w^hich the “ end-point could be read off for any initial pressure 
at a .given temperature. 

The gaseous products of the decomposition are primarily methane and 

carlx)n monoxide, with a little 
hydrogen and ethane, agreeing with 
the results of Heckert and Mack. 

That the reaction is, to a first 
approximation at least, uniform 
over the course of the pressure 
change, is shown by the analysis of 
the products at different stages of 
a run. Table I. show’^ typical data. 
Almost negligible traces of unsatur- 
ated hydrocarbons are included in 
the figures given for carbon dioxide. 

The “ residue ** in each case was 
examined by combustion. The re- 
sults are summarised in Table 11. 

The results in each ca.se indicate that the residue is a hydrocarbon 
i,e,, methane or a mixture of methane with hydrogen and ethane 
'With the last two in equal proportions. 


TABLE II. 



Volume of 
“ RrtUdue ” 
Taken. 

Contraction 

on 

Combustion. 

Carbon 

Dioxide 

Formed. 

(I) 

2'40 

4‘75 

2-30 

(i) 

2‘()5 


2 ’40 

(3) 

310 

(>•40 

300 

(4) 

3-33 


3-20 

(5) 


4-50 

^•-’5 

(6) 

2*7 

5-^5 

2 *80 


TABLE I. — ^Temper.\ture, 462"" C. Initial Pres- 
sure, 300 .MM. 



Per Cent. 

Age Total 
Pressure Change. 

Per Cent. 
CO,. 

Per Cent. 
CO. 

Per Cent. 

“ Residue." 

U) 


0-2 

49-8 

50-0 

(^) 


0-0 

30-1 

49'9 

iv 

50 

1-5 

4«'5 

50-1 

U' 

(*o 

0*2 

49-8 

30*0 


95 

01 

50O 

49*3 

I'o) 

100 

10 

49-5 

49*5 
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That the alteration in the percentage pressure increase at different 
temperatures is not, primarily at least, connected with a marked change in 
the nature of the reaction, but due to different degrees of superposed con- 
densation, is shown by the analysis of the end-products at different tem- 
peratures, using the same initial pressure in each case. Table III. gives 
typical data. 


TABLE III. — Initial Pressure, 
300 MM. 


Tempera- 
ture -C. 


» Hydro- 
caroon 
Residue.” 


TABLE IV. — Temperature, 492® C. 


Initial 

Pressure, CO. Hg. CgHg. CHg* 

mm. 



The end-products using different initial pressures at the same tempera- 
ture were also analysed. The hydrocarbon residue was combusted frac- 
tionally, first with copper oxide to estimate hydrogen, and then with 
oxygen to estimate methane and ethane. From the data of Table IV. it 
is seen that at the lowest initial pressures there may be a slight increase 

in the relative proportions 
— — I of ethane and hydrogen to 

methane. 

In view’ of the possi- 

bility that the process may 

^ involve a primary isomeri- 

sation to give acetaldehyde, 
/ qualitative tests were made 

f4Q- I for the latter. The gase- 

/ ous products were with- 

^ ^ drawn at different stages 

a ^ ^ ^ * ^ of a run into a large evacu- 

^ ated pipette, and shaken 

^ / 0 (h f t / with water. The stilution 

/ 1 / w-as treated with Schiff’s 

s I / ^ reagent. No trace of 

g 1 1 y ^ acetaldehyde could be de- 

^ ill / ^ tected at any stage of the 

60 - It r / I reaction over the range of 

^ in / temperatures used. This 

^ 0 - i f/ result agrees with that of 

Temperorurv 502 '^c. 



The Homogeneity of 
the Reaction « 


^ ^ ^ ^ C If f The homogeneity of the 

r^me tn Minutts. process was tested by com- 

parison of the rate in a 
packed and unpacked 
vessel. In the packed vessel the reaction, w^hich proceeds to almost the 
same '* end-point as in the empty vessel, is slightly retarded, but the 
retardation is such as to correspond to only two or three degrees centi- 
grade change of temperature. Fig. i shows the period of half-change 
plotted as a function of pressure at 457® C. in the two vessels respectively. 
At 300 mm. initial pressure the ratio ; #|Uni>*cked is 1*15. It is clear 
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that no appreciable surface reaction is involved, and if noticeably long 
reaction chains were propagated, a much greater retardation in the packed 
vessel might be expected. 

The Order of the Reaction over its Course. 

The general course of the reaction is exhibited by the curves of Fig. 2. 
The induction period noticed at lower temperatures by Heckert and Mack 
is less marked at the higher temperatures. There is no doubt that over its 
course the reaction follows essentially a first-order law. The constant 

^ ^ log — {k in sec'h is not, however, strictly constant, but increases 

slightly in the early stages and falls off in the later stages of a run. In the 
same way the ratio f| : is not exactly 2, but has a value lying between 
that of a first and second order change. Table V. gives typical data. 

The initial increase in the value of k is clearly associated with the 
induction period ; the falling-off in the later stages may be due to two 
causes, either first to the quasiunimolecular character of the decomposition, 
or secondly to the retarding influence of the products, which may behave 
like inert gases in the sense described below. 



The evaluation of what may l>e taken as the “ accurate " value of the 
quasiunimolecular velocity constant k is obviously therefore difficult. 
Heckert and Mack were able to “ correct for " the induction period by 
assuming the primary isomerisation to acetaldehyde, although no experi- 
mental evidence' for this was forthcoming. This treatment of Heckert and 
Mack is not entirely sati.sfactory. In order to account quantitatively for 
the course of the pressure change over an entire run, and obtain a differential 
equation to represent the rate in terms of the concentration and certain 
constants, it would be necessary to take into account all the v^ous 
factors influencing the rate, a quantitative estimate of some of which is 
undeterminable. The value of k l>ecomes fairly steady during the mid^e 
part of a run. For the purpose of the considerations of the succeeding 
sections, this value of k is taken as representing the unimolecular ** 
constant. As an indication of the close agreement with the results of 
Heckert and Mack, they find at 442"" C., k 0 001 1 ; the present method 
gives from our data ^ = 0 0012. 

The value of the reciprocal of the period of half-change might also be 
taken as representing a measure of the unimolecular velocity constant, 
although the complex nature of the course of the reaction makes such a 
procedure rather doubtful. In fact, Ijpwever, the value obtained for k by 
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the above method, agrees well with in general with that, calculated from 


The Relationship between the Value of k and Initial Pressure. 


Heckert and Mack noticed a decrease in the unimolecular velocity 

constant with de- 

TABLE V. — Temperature 402® C. creasing initial 

pressure, but did 
not examine it in 

/secs. A/>. *xio». /secs. Af- *xio3. /secs. A^. ftxio». detail Table VI. 

i gives the complete 

i. Initial pressure, 2. Initial pressure, Initial pressure, data for runs at 
310 mm , 212 mm . 100 mm . 462*^ C. 

21 15 2-37 ^4 JO 2-40 20 3 1-79 , It is seen that be- 

30 24 2-^ 30 14 2-7.S 30 5-5 2 08 tween 400 mm. and 

35 30 2*90 40 19 2*^7 42 8 2*07 mm. there is a 

45 38 2 90 52 25 2-98 52 10 2*39 decn‘ase of k by 

57 50 3 08 bo 28 2 04 (>3 13 '2*b4 about 30 per cent. 

60 52 3-06 70 33 3 00 74 15 2 (>2 xhe decrease ob- 

70 61 313 80 37 3 0c, S9 18 2*67 served by Heckert 

80 70 3-20 85 40 3 00 .00 20 2 f.7 lower 

90 78 3-22 00 42 3-o» no 22 2-68 , ,„_ratures over 

100 86 3-22 100 40 3o'> 116 23 270 icrapiratures over 

120 100 3'23 120 54 3-os!i 2<) 25 2-75 the s;ime range of 

130 108 3*23 138 (*o 3*ou 140 27 2*73 pressure was about 

140 1 14 3*22 150 65 3*09 160 30 2*71 20 JOT cent. 

159 ^25 3 23 185 75 3't»4 170 32 2*7f) The plot of k 

170 132 3*23 200 80 3*07 184 33 2*67 against />« (Fig. 3) 

187 140 3*22 210 82 3*03 200 25-5 2*(>9 reveals a relation- 

200 146 3 i« »5 i-99 230 39 2-(.9 between the 

207 150 3-20 265 95 2-99 250 41 2 two Quantities more 

253 170 314 343 no 2 «2 270 43 2'95 p' 

294 185 3-08 a 174 — 300 46 2 *60 complex tnan nas 

342 200 3*01 k — 3*07 y 10'^ * 340 50 2*60 hitherto lieen as- 

oc 310 — 1 389 53 2*50 sumed. Above 250 

k — 3 23 X 10-* ! a> 85 — mm. k is almost 

1 k — 2*70 X 10 * independent of 

, . , corresponding to a 

4. Imttal pressure, 5. Initial pressure, b. Initial pressure. unimolecular pro- 

53 mw. 31 twm. 14 mm. although there 

29 3 2-26 40 2 1*95 34 0*5 1*24 are signs that A' still 

47 5 2 38 55 3 2*14 62 1*0 1*42 tends to rise slightly 

75 8 2-48 78 4 209 100 2-0 1*72 ^ith increasing 

Tr, i? P, ^ IV. ^ pressure. Below 

no II 2*41 121 2*07 230 4 I»74 ^ . ...1 

135 13 2*39 140 7 2*14 328 5 1*64 250 mm. initial 

157 15 2*43 165 8 2*11 411 6 1*68 pressure the plot 

190 17 2*37 193 9 2*09 643 8 1-70 of A against is 

235 20 2*34 217 10 2*11 00 12 — “ segmented " in 

270 22 2*34 245 11 2*12 A =» 1*7 X IO-* nature. Between 

334 25 2*26 280 12 2*09 250-40 mm. there is 

390 27 219 311 13 2*10 roughly ** bi- 

473 30 214 354 14 205 molecular '* seg- 

540 32 212 390 15 208 ® 

900 39 1*96 558 18 1-96 ment, and below 

1500 44 1*84 1140 24 1*93 40 mm. at least one 

1800 45 1-82 1380 25 1*88 other. 

00 47 — CO 27 — The plot of i/t^ 

k = 2*40 X io“» A = 2’ii X io^» against />© gives a 

. ■ . curve closely simi- 

lar in form to that 

of Fig. 3, and this result is reproduced at any temperature, but rather more 
pronounced at the higher ones. 


/ secs. 

A/>. 

Jtxio*. 

/ secs. 

Af. 

*Xio 3 . 

/ secs. 

Ap. 

ftxio*. 

I. Initial pressure. 

2. Initial pressure, \ 

1 3. Initial pressure, 


310 mm. 


212 mm. 


100 mm 


21 

15 

2*37 

24 

10 

246 

20 

3 

1*79 

30 

24 

2-69 

30 

M 

2-78 

30 

5*5 

2 *08 

35 

30 

2*90 

40 

19 

2*87 

42 

8 

2*07 

45 

38 

290 

52 

25 

2*98 

52 

10 

2*39 

57 

50 

308 

60 

28 

2*04 

t »3 

^3 

2*64 

60 

52 

3 *06 

70 

33 

3*00 

74 

15 

2 *(>2 

70 

61 

313 

80 

37 

3 00 

89 

18 

2*67 

80 

70 

3*20 


40 

3*06 

ICO 

20 

2*67 

90 

78 

3*22 

no 

42 

3-00 

no 

22 

2*68 

100 

86 

3*22 

ICO 

46 

3*06 

' 116 

23 

2*70 

120 

100 

3-23 

120 

54 

3 ' 0 .^ 

126 

25 

2*75 

130 

108 

323 

138 

(*o 

300 

140 

27 

2*73 

140 

114 

3*2 2 


<>5 

3*09 

i 160 

30 

2*71 

159 

125 

3*23 

ii ^5 

75 


170 

32 

2 * 7 f> 

170 

132 

3*23 

200 

80 

3*07 

184 

33 

2*67 

187 

140 

3*22 

210 

82 

3*03 

200 

25*5 


200 

14C 

3*i8 

224 

85 

2*99 

! 230 

39 

2*()9 

207 

150 

3*20 

265 

95 

2*96 

250 

41 

2*62 

253 

170 

3 *M 

343 

no 

2*02 

270 

43 

2*65 

294 

i «5 

3*o8 

cc 

174 

— 

i 3^0 

46 

2 *60 

342 

200 

3*01 

A — 

3*07 y 

10 ; 

340 

50 

2*60 

oc 

310 

— 



1 

389 

53 

2*50 

A - 

3 23 X 

10-* 




00 

«5 

— 




I 


i 

1 A - 

2*70 X 

lO' * 

4. Initial pressure, | 

5. Initial pressure. 1 

6. Initial pressure. 


53 mm 



31 mm 



14 mm. 


29 

3 

2*26 

40 

2 

1*95 

34 

0*5 

1*24 

47 

5 

2 * 3 « 

55 

3 

2*14 

62 

1*0 

1*42 

75 

8 

2*48 

78 

4 

2*09 

100 

2*0 

1*72 

100 

10 

2-38 

95 

5 

215 

173 

3 

1*66 

no 

11 

2*41 

121 

*1 

2*07 

230 

4 

1*74 

135 

13 

2*39 

140 

7 

2-14 

328 

5 

1*64 

157 

15 

2-43 

165 

8 

2*11 

411 

6 

1*68 

190 

17 

2*37 

193 

9 

2*09 

643 

8 

1-70 

235 

20 

2-34 

217 

xo 

2-11 

CO 

12 

— 

270 

22 

2*34 

1 245 

1 1 

2*12 

A = 

1-7 X 

IO“* 

334 

25 

2*26 

2^ 

12 

2*09 




390 

27 

219 

311 

^3 

2*10 




473 

30 

2*14 

354 

14 

2 05 




540 

32 

2*12 

390 

15 

208 




900 

39 

1*96 

358 

18 

1-96 




1500 

44 

1-84 

1140 

24 

1*93 




1800 

45 

1-82 

1380 

25 

1*88 




00 

47 

— 

CO 

27 

— 




A = 

2*40 X 

10 “» 

A == 

2 ’il X 

io^» 
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Temperature Coefficient and Energy of Activation. 

Table VII. summarises the value of k at different temperatures and 
for each of four different initial 

pressures. The logarithms of k TABLE VL 

are also given. 

From the plot of log k against , . . , . . 

I /T for each pressure the follow- Pressure, k x ro>. Pr^urc, k X xo». 
ing values for the energy of activa- 
tion are obtained : 

At 400 mm. E ^ 53,000 cals. 

At 50 mm. E ~ 50,000 cals. 

Corrections have been made 
in each case for the variation of 
collision frequency with tempera- 
ture. 

Molecular Statistics. 

To a very large extent at least, 
the decomposition can be regarded 
as a quasi-unimolecuiar reaction 
of the conventional type. The 
velocity of the reaction in the 
region of initial pressure alx>ve 
that at which the constant begins 
to *' fall od,” is far in excess of 
that to be exjKcted from the ex- 
pression (collision frequency 
Assuming that the 
energy of activation is distributed 
among n squared tenns, n can be 
calculated as follows. 



The unimolecular velocity constant at 402® C. and 300 mm. pressure 
(at which the falling off begins to be noticed) is 3-22 x 10 sec.-S 


554 

3-35 

120 

2*76 

5 -<» 

3‘45 

1 16 

270 

520 


II3 

2-85 

501 

3*22 

108 

274 

407 

3-^4 

100 

27 

44 *^ 


89 

2*65 

375 

3*23 

83 

2-5 

.347 

3*3 

62 

2*5 

315 

315 

60 

2*46 

2 Ho 

325 

53 

2*4 


3-20 

40 

2*19 

223 

315 

38 

2*15 

212 

30O 

34 

2*2 

177 

3 ' I 

34 

21 

175 

2-g 

31 

2*11 

I OH 

30 

26-5 

2*2 

1O4 

3*05 

22 

2*1 


2-92 

18 

1-9 

155 

3*0 

15 

1*62 

150 

2 -C) 

14 

17 

144 

2-8 

12 

2*0 

13H 

2*8 

7 

1*6 

120 

2*8 

— 

— 
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TABLE Vn. 


Temperature 

“C. iJTxid *, 

400, 

Initial Pressure mm. 

aoo, 100. 

30. 

422 

1*439 

0*42 

0*41 

0-38 

0*32 



40232 

4*0128 

4-5708 

4*5051 

442 

1-399 

1 *22 

1*18 

1 *04 

0*92 



3081..1 

3-0719 

3*0170 

49638 

A 5 '^ 

1-379 

2*03 

1*0 

t *(>8 

1*50 



53^^75 

3--’78« 

3‘^-253 

31 761 

462 

1*361 


.3-1 

2-65 

2-32 



35) 145 

3-49M 

3-4-23-! 

3*3655 

47-’ 

1*34^ 

5-5 

5-3 

4-4 

3*6 



3'74^>4 

3-7*243 

3<*435 

3-5563 

4S2 

1*3*25 

H-K 

•^-5 

7-0 

()‘0 



3 ^>445 

3-0294 

3'‘>45i 

3*77>^2 

492 

i*3«7 


— 

10*1 

*^*7 





2 004 3 

3 0395 


and the energy of activation is 53,000 cals. The num!)cr (»f molecules 
reacting per c.c. ptT see. is thence found to be 1*3 \ 10** 

The number of collisions between molecules per c.c. per sec. at the 


above temperature and pres.sure is 2*5 V io“* ; the numlier 
of activated collisions, assuming two squared terms are involved, jicr c.c. 
per sec. is then 37 X Thus, the discrepancy is about 3500 fold. 

{EfRT)in-\ 

1 


Writing 


3500, we find n = 8. This value is reasonably in 


agreement with the structure of the molecule, and perhaps more so than 
the value calculated by Ramsperger from the data of Heckert and Mack. 


The Influence of Added Inert Gases. 

It has in the past appeared somewhat surprising that the rates of the 
homogeneous gaseous decomposition of simple organic molecules such as 
aldehydes and ketones are, in general, unaffected by the addition of inert 
gases, especially if " colIisi(/ii ” mechanisms underly the process of activa- 
tion. Hydrogen has been found to possess in some cases the specific 
power of restoring the rate in the low' pressure bimolecular " region of a 
quasiunimolecular reaction to the “ high pressure unimolecular value. 
According to the original chain mechanism of Christiansen and Kramers, 
inert gases should behave as negative catalysts in the sense that they should 
lead to a deactivation of activated molecules on collision, but no evidence 
for such a property has been forthcoming. On the contrary, chain reactions 
are usually accelerated by the addition of diluent gases, probably since 
they prevent the diffusion of active centres to the vessel w^alls where these 
can l>e destroyed* 

For these reasons, the influence of inert gases upon the rate of the 
decomposition of ethylene oxide is anomalous. The presence of the re- 
action products (carbon monoxide and hydrocarbons) or of argon or nitrogen 
reduces the rate of the decomposition. The effect of the products may 
contribute towards the observed decrease in the first order constant in 
the later stages of a run. Our results agree essentially with those of Heckert 
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and Mack ; but a more detailed study is desirable, and only the main 
outlines will be given. 

With pressures of diluent (argon, nitrogen, carbon monoxide) of the 
same order of magnitude as the pressure of ethylene oxide, the velocity 
constant is reduced by about 10-20 per cent. There seems to be a rough 
proportionality between the extent of the retardation and the pressure of 
added inert gas. 

Table VII 1. shows the effect of products upon a run at 460® C. ; is 
the initial pressure of ethylene oxide, that of products. 

Table IX. shows the effect of argon at 460° C. 


TABLE IX. 


Time in Secs, for 

Initial Pressure Pressure of Pressure In- 
of Ethylene Argon Added crease of 40 
TABLE VI I L Oxide in mm. in mm. Per Cent. 

Initial Pressure. 



(i) pim*ig2 mm. 

(2) pi'^ig2 mm. 




*re«suTe 

Pu'^o mm. 

/),«*! 90 mm. 

225 

0 

235 

ncrcasc, 

Time in Sfcs. 

Tirm* m Sccp. 


50 

240 

mm. 




100 

2.57 



— 


200 

207 

10 

-24 

31 

39^ 

0 

244 

20 


59 


50 

255 

30 

74 

87 




40 

103 


1 66 

0 

247 

SO 

LVS 

ISO 


100 

25 ^^ 

t>o 

I OS 

ISS 


196 

205 

70 

205 

228 




So 

^47 

2 7‘I 

124 

0 

263 

<^o 

300 

339 


200 

282 

100 

3 i>o 

414 


300 

329 


The addition of hy(lr(^)gen v*aN found to increase the velocity of the decom- 
|X)sition of ethylene oxide, in agreement with the results of Heckert and 
Mack. The impxirtant result, however, was that with initial pressures of 
ethylene oxide correspcinding to the " bimolecular " region, the rate could 
Ih? increa.sed to \'alue.s greater than that in the '' unimolecular ” region. 
It is not }K)ssible to draw significant conclusions from this, however, since 
in the presence of hydrogen the main reaction appears to be affected in 
nature, the “ end-p^mt “ being different. 


General Discussion. 

The decomposition of ethylene oxide is, in broad outline, like other 
quasi-unimolecular decompositions. The number of squared terms 
among which the energy* of activation must be distributed in order to 
comply with the measured rate is reasonable. The velocity constant 
decreases with decreasing initial pressure in the manner recently found in 
other similar reactions, and this phenomenon suggests that different 
types of activated state arc possible. Until further data are available 
for other alkylenc oxides it may be unwise to develop this hypothesis 
further. 

There are nevertheless certain complications, such as the induction 
period, or the influence of added inert gases, w’hich indicate that the 
relationships may not be so simple as the above implies. The hypo- 
thesis suggested by Fletcher and developed by Sickmann supposes that 
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acetaldehyde is formed by isomerisation, and concurrently with it are 
produced a few free radicals, which catalyse the decomposition of the 
aldehyde. If this argument is based solely upon the observation that 
traces of ethylene oxide catalyse the decomposition of acetaldehyde, it 
cannot be regarded as convincing ; for it is now well known that the 
decomposition of aldehydes is catalysed by many substances of quite 
different character, some of which cannot give rise to free radicals. 
It is surprising that if acetaldehyde is at all formed as a major intermediate 
product in the decomposition of ethylene oxide, no traces of it can be 
detected analytically. The aldehyde must decompose instantaneously. 
It is very' unlikely that reaction chains of appreciable length are propa- 
gated, unless they can be reflected from the vessel walls, which is most 
improbable. Moreover, independent series of measurements by Patat 
and Sachsse on the one hand,^* and Staveley and Hinshelwood on the 
other, seem to indicate definitely that the free radical mechanisms 
developed by Rice and Herzfckl and others are not very relevant to 
many of the reactions for which they w'crc suggested. 

Comparison of the present data with the results for substituted 
alkylene oxides may throw additional light upon the nature of the 
decomposition. 


Summary. 

Measurements on the kinetics of the thermal decomposition of ethylene 
oxide vapour have been described. The products of the reaction are 
mainly methane and carbon monoxide. The course of the reaction can be 
represented approximately by a first order law, but there are certain com- 
plications. The unimolecular velocity constant falls off with decreasing 
initial pressure in the same manner as in other quasi-unimolecular decom- 
p<5sitions, and the plot of k against the initial pressure has a segmented 
appearance. The reaction is homogeneous, and no evidence can be found of 
the propagation of reaction chains. The energy of activation at the higher 
pres.sures is ca. 53,000 cals, and falls slightly as the initial pressure is low'ered. 

The results are compared and contrasted with those previously found 
by Heckert and Mack ; and their bearing uiK>n other theoretical discussions 
of the reaction mechanism is discussed. 
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CONDUCTOMETRIC TITRATIONS OF THE ISO- 
MERIC CHROMIC CHLORIDES WITH SILVER 
NITRATE.* 


By Norman H. Law. 

Received igth June, 1936. 

One of the most interesting and important applications of Werner’s 
Co-ordination Theory concerns the constitution of the isomeric hexa- 
hydrates of the chromic chlorides, which are known in three forms, a 
violet (or blue), a pale green and a dark green form. Although these 
may be formulated on Werner*s theory as [CrbHgOJCla, [CrCl, 5H20]Cl2, 
H2O and [CrClj, 4H20JC1, 2H2O respectively, the evidence in favour of 
the validity of these formulae is less convincing than in other cases of 
such isomerism. In support of these formulae the reaction of the chlo- 
rides in aqueous solution with silver nitrate is usually quoted but the 
results are not unequivocal. Thus Werner and Gubser ' obtained from 
ri52 to ri73 equivalents of chlorine from the dark green chloride by 
precipitation with silver nitrate in ice-cold nitric acid solution, whereas 
theory requires exactly one equivalent. Moreover, Weinland and Koch * 
showed that the proportion of chlorine precipitated depended to a marked 
extent on the acidity of the solution and on the nature of the anion of 
the silver salt. The work of Bjerrum,* Lamb ^ and Lamb and Fonda ® 
established the importance of hydrolytic effects which complicate the 
reaction of these chlorides in solution and suggest that, if Werner's 
formulations arc correct, the co-ordination sphere possesses an unusual 
degree of reactivity which is probably fundamental to such industrial 
arts as the chrome tanning of leather. This reactivity can readily effect 
the reaction with silver nitrate, especially as this is usually used in excess 
in analytical w^ork. It is surprising that the less drastic method of 
conductometric titration has not been used hitherto. 


Experimental. 




The violet chloride was prepared by the method of Bjerrum (found 
Cr 19*51 per cent., Cl 39 92 per cent, ; calc. Cr 19*52 per cent., Cl 39*93 
pCT cent.). The pale green chloride was also prepared by the meth^ of 
Bjerrum (found Cr 19*59 per cent., Cl 39*69 per cent.), and the dark green 
salt according to the directions of Werner and Gubser (found Cr 19*82 
per cent., Cl 39*94 per cent.). 

A modification of the conductivity cell designed by Robbins • was used 
in the course of this work, it being very suitable for titrimetric work. The 
main feature of the cell was rigidity of the electrode supports, secured by 
means of a glass bar not immersed in the solution. The apparatus is shown 


* Communicated by Dr. R. A. Robinson. 

* Werner and Gub^r, Bet., 1901, 34, 1592* 

* Weinland and Koch, Z. anorg. Chem., 1904, 39, 328. 

* Bjerrum, Z. physihal, Ghent,, 1907, 59, 336, 581. 

* liunb, /. Amer, Ghent, Soc„ 1906, ao, 171 > , 

* Lamb and Fonda, ibid., 1921. 43 » 1154. 

* Robbins, ibid., 1917, 39« 646. 
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in Fig. I. The titrant is delivered from a burette into the side-arm T, 
the major portion of the solution being in the vessel E. By means of 
alternate gentle suction and pressure exerted through the side-tube A, 
the added solution can be thoroughly mixed with the main body of liquid. 

All conductivity measurements were made on solutions 0*005 Af with 
respect to chromium and unless otherwise recorded the temperature was 



1*5®, at which the three chlorides were com- 
paratively stable in dilute solution ; nevertheless, 
titrations were performed without undue delay. 
All conductivity measurements were corrected 
for dilution by multiplication by the factor 
(volume of original solution -f added titrant) / 
(volume of original solution), i.e,, all conduc- 
tivities are referred to a constant volume of solu- 
tion. 

Experimental Results. 

Van’t Hoff Factor. — Cryoscopic determina- 
tions using 0*05 M solutions gave a Van’t Hoff 
Factor of 3-40, 2*73 and 1*95 for the violet, pale 
green and dark green salts respectively. The 
isopiestic vapour pressure method ’ applied to 
the violet salt gave 3-89 in 0*3 M solution and 
3*75 in 0*6 iVf solution. 

Quantitative Precipitations with Sliver 
Nitrate. — By boiling any of these chlorides with 
silver nitrate solution in the presence of nitric 
acid three equivalents of chlorine are precipi- 
tated. From an acid-free, ice-cold solution of 
the pale green chloride silver nitrate precipi- 
tates 85 per cent, of the total chlorine, the 
remaining 15 per cent, being precipitated on 
warming with a little nitric acid. Direct pre- 
cipitation from ice-cold solution of the dark 
green chloride gave 88 and 90 per cent, of the 
total chloride in acid-free solution, and 34 and 
40 per cent, in dilute nitric acid solution. These 
figures, combined with the observation of Wein- 
land and Koch that the nature of the anion of 


Fig. I .—Conductivity cell ^he silver salt had a profound influence on the 
for titration work (ap- amount of chlorine precipitable led us to suspect 
proximately i natural value of tL solution was an im- 

' po’^ant factor in determining the amount of 

ionized chlorine and this was confirmed by gravimetric analysis of the. 
precipitable chlorine in solutions buffered at different values, the fol- 


lowing values being obtained : 


Ph 07 lo 17 30 4*0 

per cent. Cl pptd, 34-5 40 37 56 93 

Conductometric Titrations with Silver Nitrate. — Fig. 2 shows the 
conductivity curves obtained at 1*5® during the titration of 0*005 M 
solutions with 0*1 N silver nitrate. The initial molecular conductivities 
were 185*8, 119*1 and 57*1 mhos, respectively. Breaks occurred corres- 
ponding to 3*0, 2*1 and 1*54 equivalents of chlorine and in each case the 
ascending part of the curve after the break always corresponded to the 
calculated curve for an excess of silver nitrate. The suj^riority of con- 
ductometric titration over gravimetric analysis of the precipitable chlorine 
can be seen from the fact that from the pale green salt, nearly all the 
chlorine was precipitated by the addition of a bulk amount of reagent in 


^ Robinson and Sinclair, /. Amer. Chem. Soc., 1934, S6« <^30. 
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excess, wWlst the more cautious addition of silver nitrate during con- 
ductometric titration gave a break at a point only slightly beyond the 
theoretical. 

A similar titration of the violet salt was carried out at 25®, the initial 
molecular conductivity of 359 mhos, falling linearly to 354 mhos, when 
3 equivalents of silver nitrate had been added, when a sharp break 
occurred and the conductivity rose at the rate calculated for excess of silver 
nitrate. 

Since conductometric analysis was found to be superior to direct 
gravimetric analysis in the case of the pale green salt, the precipitations 



Fig. 2.— Conductometric titration of 50 c.c. of 0*005 ^ chromium chlorides 
with 01 N — AgNO,. 

from solutions of the dark green salt in buffered solutions were repeated, 
with conductometric analysis. Fig. 3 gives the curves obtained for seVen 
such solutions as follows : 


Pn 

Buffer, 

End point. 

2-3 

Solution + nitric acid 

1*00 equiv, 

3*0 

,, ,, ,, 

1*00 

3*6 

Citric acid — Na,HP04 

1-05 

4*0 

>• >• »» 

1*11 

4*3 

if •* »* 

1*20 

4-6 

Citric acid — Sodium citrate 

1*24 

5*0 

2*0 


Sej^ate experiments showed that the buffer solutions did not precipitate 
a silver salt. In Fig. 3 the scale of the ordinate on the graph has been ad- 
justed in each case, so that each curve starts at the same initial value. 
Th^ curves are very significant. A few experiments were carried out 
^th buffered solutions of the other two chlorides. The end-points for 
the violet salt do not appear to be inffuenced by the p® oi the solution. 
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titrations at 3 and 5 ^ving curves of the same type as that for the violet 
chloride in Fig. 2. This was also true of the pale green salt at pg 3, but 
Pn 4» although a break was found at 2 equivcdents, the slope of the curve 



Fig. 3. — Conductometric titration of 0*005 Jf~-;[CrCl, 4H|0]Cl with 
0*1 ^ — AgNOs in buffered solutions, 

on further addition of silver nitrate was less than the theoretical, showing 
that slight precipitation was still in progress. This was more marked at 
pg 5 in which case a second break was found at 3 equivalents, the form of 
the curve being similar to that for the dark green salt at pg 5 shown in Fig. 3. 

DisoiMion. 

For all three salts both the Van’t Hoff Factor and the molecular 
conductivity support the formulations accorded on Werner’s theory. 
That the violet salt dissociates into three chloride ions is also shown by 
the fact that it always gives three precipitable chlorine atoms and the 
curve in Fig. 2 shows that there is no discontinuity in the curve such as 
might be expected if precipitation occurred in stages. Moreover, the 
amount of chlorine precipitated is independent of the ^35 
solution, at least between p^ 3 and 5. The replacement of chloride ions 
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by nitrate ions proceeds with little change in conductivity, consistent 
with the very similar mobilities of these two ions. There seems, there- 
fore, to be no doubt as to the constitution of this chloride. 

In the case of the pale green salt, the conductometric curve in Fig. 2 
shows that the salt has two ionised chlorine atoms, but a slight attack 
on the third co-ordinated chlorine atom occurs during precipitation 
witnessed by the break at 2*1 equivalents and the slight increase in con- 
ductivity during precipitation. This must be accounted for by any 
adequate theory, as well as the fact that the reactivity of this third 
chlorine atom is favoured at high values and repressed at low 
values. 

The dark green chloride in aqueous solution gives an anomalous 
conductivity curve with a break at 1*54 equivalents, together with a 
considerable increase in conductivity during precipitation, showing that 
the co-ordinated chlorine atoms are much more loosely bound. In acid 
solution, however, the salt behaves as a uniunivalent electrolyte, the 
co-ordination sphere being more readily attacked as the p^ value in- 
creases. At the same time the curve for excess of silver nitrate departs 
more and more from the theoretical value and a second break appears 
in the vicinity of 2 equivalents. At p^ 5 the first break has been smoothed 
out and another appears at 3 equivalents, but it should be noted that the 
conductivity at this point does not correspond to a trivalent salt ; rather 
is it characteristic of a bivalent salt. As the p^ of the unbuffeied solution 
is 475, the break at r54 equivalents in Fig. 2 cannot be given especial 
significance. Of greater importance is the fact, that, provided the pji 
value of the solution is suitably adjusted, the formal proof of the con- 
stitution of these salts is complete. 

Nevertheless, there remains much to be explained, particularly the 
progressive attack of the second chlorine atom of the dark green chloride 
as precipitation proceeds in an unbuffered solution and the increasing 
reactivity of this atom as the acidity is decreased together wdth the re- 
activity of the third chlorine atom at high pj^ values. These reactions 
must depend on a most complex series of hydrolytic reactions, in which 
substitution of either hydroxyl ions or water molecules within the co- 
ordination sphere can occur and it does not seem wise to attempt any 
fuither explanation until more knowledge of these hydrolytic reactions 
is available. 

Summary. 

Conductivity titrations of the reaction between silver nitrate and each 
of the three isomeric chromic chlorides are described and it is shown that 
a conductometric investigation is superior to a direct gravimetric analysis 
of precipitable chlorine. 

The violet chloride undoubtedly yields three ionised chlorine atoms 
and the pale green two chlorine atoms, except in solutions of value in 
the ^dcinity of 5 when the third atom is easily precipitated. 

The dark green salt is much more reactive. A formal proof of its con- 
stitution results from w'ork in very acid solution, but as the is increased 
the second and, at high values, the third chlorine atom becomes 
precipitable. 

The author wishes to offer his sincere thanks to Dr. R. A. Robinson 
for his advice and encouragement in the course of this investigation. 

Auckland University College^ 

Auckland^ 

New Zealand. 
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We have recently undertaken a systematic study of the photo- 
chemistry of nitrates, nitrites and nitro-compounds. The ultraviolet 
absorption spectra of some of these compounds have previously been 
described.^ Melvin and Wulf have simultaneously reported spectral 
measurements from which they have attempted to attribute a banded 
absorption in the near ultraviolet in mixtures of nitric oxide, nitrogen 
peroxide and water vapour to the carrier molecule HONO.* The data 
previously given by us substantiate the argument of Melvin and Wulf 
strongly, and interesting conclusions can be drawn from a comparison 
of the two sets of data. In the present paper these conclusions are out- 
lined, and further spectral measurements for other related compounds 
are given. The qualitative course of the photochemical decomposition 
of nitrites is also discussed. 

Experimental Details. 

The instruments used in measuring the absorption spectra were as 
previously de.scribcd. In addition, some visual measurements were made 
with a small constant deviation glass spectroscojx\ 

The photochemical changes were followed by a method essentially the 
same as described by Thompson and Linnett.* The radiation from a mer- 
cury lamp was condensed by passing through a transparent quart;? spherical 
flask containing either water or a solution filter, and then directed upon 
the reaction cell. lYessure changes were followed manornetrically. In 
some experiments the reaction vessel was enclosed within a water thermo- 
stat having a large quartz window at the side. 

Methyl, ethyl and t.so-amvl nitrites were prepared as before. Secondary 
CH, . CH,. 

butyl nitrite \CH . O . NO was obtained by the action of nitrous 

CHa-^ 

acid upon secondary butyl alcohol. The nitrite layer, which is insoluble in 
water, was separated, dried ard purified by fractional distillation in vacuo. 

CH3V .NO 

Nitroso-chloro- propane prepared by the method of 

ch/ Vi 

Ponzio * by leading a stream of chlorine over a solution of acetoxime in 
10 per cent, caustic soda solution. The chloro derivative separated as a 
dark blue liquid which was dried over calcium chloride and subsequently 
fractionated in vacuo. It was stored over ice since it is liable to decompose 
at room temperatures. 

H 

N-methyl 0 -methyl hydroxylamine 

CH, 

method of Jones.* N-methyl N-raethoxy urethane was first prepared by 

’ Far. Soc. Trans., 1936, 32, 674. * /. Chem. Physics, I 935 » 3 » 755 - 

•/. Chem. Soc., 1935, M52. 

* Chem. Zenirallblati, 190O, 10, (i), 1O92. ^ Am. Chem. J., 1898, 30 , 43. 

X466 


\n — OCH, was prepared by the 
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the methylation of hydroxy-urethane, the latter being formed from the 
interaction of hydroxylamine and chloroformic ester. The product was 
then heated in a sealed tube with concentrated hydrochloric acid, and 
distilled with potash to liberate the free base, which was purified by frac- 
tional distillation in vacuo. 

Dimethyl nitrosamine was prepared by the method of Renouf • and di- 
ethyl nitrosamine by that of Geuther.’ Both methods depend essentially 
upon the action of nitrous acid upon a secondary amine. 

Results. 

(1) Spectral Data. 

In Part I the ultraviolet absorption spectra of methyl nitrite, methyl 
nitrate and nitro-methane and the corresponding ethyl derivatives, were 
described. As then explained, the nitrites show a system of diffuse bands 
in the near ultraviolet ; the intensity distribution within individual bands 
of the system is peculiar, and moreover different from one band to another. 
In view of the considerations of the nitrous acid .spectrum given below, it 
became desirable to attempt to measure with as great an accuracy as 
possible the wavelength of the “ origin *’ of each band. The nature of the 
band obviously makes such a measurement difficult, but the values pre- 
viously given for the ** centres ” of the bands have now been revised, and 
the corrected values are given below. 

(i) Methyl Nitrite. — The spectrum is represented diagrammatically in 
Fig. I (a), the wave-numbers of the bands being given. 

(ii) Ethyl Nitrite. — Fig. i (6) similarly shows the system of bands ob- 
served. As with methyl nitrite, the most intense bands have no marked 
head, and two broad bands are noticed at the long-wavelength end of the 
system ; these two bands appear at first sight to be distinct from the 
remainder of the system. 

(iii) Iso-antyl nitrite. — The absorption of the vapour of this substance 
is very similar to that of both methyl and ethyl nitrites. The band system 
in the near ultraviolet is shown in Fig. i {d). Each band is diffuse and there 
is not definite degrading in either direction. The two longest wavelength 
bands have not, however, the abnormally broad nature of those of methyl 
and ethyl nitrites just referred to. 

(iv) Sec-butyl nitrite, — As with the above compounds, there is a system 
of diffuse bands between 4000-3000 A. and a continuous absorption at 
shorter wavelengths. .A.t higher pressures the continuum extends to longer 
wavelengths and eventually overlaps the bands system. The latter is 
shown diagrammatically in Fig. i (c). The striking difference between 
this system of bands and each of the above is that each of the bands of 
butyl nitrite degrades to the red and has a distinct head on the short- 
wavelength side. 

(v) Ditnethyl nitrosamine . — The ultraviolet absorption is very similar to 
that of the nitrites. Between 3900-3200 A. is a system of diffuse bands with 
no marked head, and at shorter wavelengths a region of continuous ab- 
sorption which extends to longer wavelengths as the pressure is increased. 
The approximate w^avelengths of the “ centres " of the most intense bands 
are 3768, 3645, 3522, and 3305 A. 

(vi) Diethyl nitrosamine. — The spectrum is similar to that of dimethyl 
nitrosamine, except that the narrow' region of absorption betw'een 4000- 
3200 A. has not been clearly resolved into bands. 

(vii) N-methyl 0 -methyl hydroxylamine. — There is continuous absorption 
from about 2500 A, to shorter wavelengths. 

(viii) Niirosochloropropane. — This compound, which is deep blue in 
colour in the liquid state has a region of absorption in the red about 7500- 
5260 A., and a second region of continuous absorption at wavelengths. 

•Btff., 1880, 13, 2170. 


^ Ann., 1863, 128^ 151, 
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shorter than about 2400 A. The first region has not been resolved into 
bands, but the dispersion used was small. 


(2) Photochemical Data. 

(a) Methyl nitrite » — ^When the vapour of this substance is irradiated 
with the uxifiltered light of a mercury vapour lamp, a decrease in pressure 



Fia. 1. 


occurs. The decrease is at first linear with time, but falls off in the later 
stages. When the reaction is apparently complete, as indicated by no 
fortiier pressure change, the decrease is about 37 i)er cent, of the initial 
pressure. (An appreciable dead^space error has not been allowed for.) 
Table I summarises a t3rpical run. 
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At the beginning of a run there was usually a pressure increase of a few 
millimetres suggesting a slight induction period, but this may have been 
due to a minor heating effect. Preliminary drying with phosphorus pent- 
oxide did not affect the general course of a run. 

During the progress of a run a white solid was deposited on the back 
face and sides of the cell, but with the reaction cell in air none was de- 


posited on the front face. This observation 
may be significant, and is discussed below. 

The solid deposit was first examined. It 
was insoluble in water, but dissolved in 


TABLE I. — Initial Pressure 
435 mm. 


concentrated nitric acid. A suspension in 
water was examined by Schryver’s test for 
formaldehyde. The magenta colour pro- 
duced suggested that the solid contained 
paraformaldehyde. The following sensitive 
reaction confirmed this result. A sample of 
the solid was warmed with concentrated 
sulphuric acid, and a rod previously dipped 
in benzene was held in the vapours. A deep 
red colour was produced. 

The solid deposit had an unpleasant smell 
and since the aqueous washings of the re- 
action cell were acidic, formic acid w'as in- 
dic.ated. A solution of silver nitrate was 
gradually darkened ai d silver deposited by 
the aqueous extract, which supports this 
conclusion. 


{mins.) 

pressure 
decrease mm. 

20 

I 

80 

14 

137 

24 

228 

42*5 

343 

66 

449 

85-5 

530 

100 


light off 

1416 

108 

light on 

1514 

119 

1620 

128 

1762 

140 

1838 

145 

1902 

149 

1972 

150 

2200 

157 


The gaseous products were withdravTi 
into a gas-holder over mercury. Apart from 
a small amount of unchanged methyl nitrite, 


2(>00 

2S99 

2941 


162 

165 


possible constituents might be carbon mon- 
oxide, hydrogen, nitrogen, nitrous oxide, nitric oxide, carbon dioxide, and 
oxygen. The accurate analysis of such a mixture is very difficult. Several 
procedures were adopted. In the first, the gas mixture was separated into 
two fractions, (i) condensable in hquid air, (ii) not condensable by liquid 
air. Table II shows the results of six analyses, each sample being taken 


from an independent run. 


TABLE II. 


Run No. 1 

! I 

2 

1 

3 

4 

5 j 

6 

Mean. 

Percentage condensed 
Percentage not condensed . 

49-5 

50*5 

50- 1 
49*9 

50-2 

40-8 

4.52 

.'>4-8 

49-8 ! 

56'! 

43‘9 

50*1 

49-9 


It is seen that the proportions of condensable and non-condensable products 
are roughly equal. 

The non-condensable fraction might be expected to contain nitrogen, 
oxygen, carbon monoxide, and hydrogen. Absorption with alkaline pyro- 
gaUol ammoniacal cuprous chloride, and subsequent combustion showed 
that carbon monoxide were present only in small amount (about 5 per cent, 
of the total fraction) and oxygen only in traces. The bulk of the non* 
condensable fraction appeared to consist of nitrogen. 

The condensable fraction was slowly but almost completely dissolved 
in water, which suggested the presence of considerable quantities of nitrous 
oxide. This was confirmed by a very rapid absorption of about 90 per 
cent, of the gas by absolute alcohol. The residue contained a small amount 
of combustible gas, but its exact nature could not be ascertained. The 
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residue also contained traces of nitric oxide, which turned saturated ferrous 
sulphate brownish. 

It is therefore concluded that the gaseous products in the photo-decom* 
position of methyl nitrite vapour contain about 45 per cent, nitrogen, 
45 per cent, nitrous oxide, small amounts of carbon monoxide and hydrogen 
and traces of other gases. 

Ethyl nitrite , — On illumination of gaseous ethyl nitrite with the full 
radiation of a mercury lamp, there is a pressure decrease which follows the 
same general course as with the methyl nitrite above, but this decrease is 
only about 30 per cent, of the initial pressure, i.e, smaller than with the 
latter substance. With ethyl nitrite therefore there is produced either 
less solid vapourless product, or more gaseous products, than with methyl 
nitrite. 

Drops of a faintly yellow liquid remained in the cell at the end of a run. 
This liquid was acidic, and when tested with Schiff‘s reagent for the presence 
of aldehydes it gave a positive result. 

The gaseous products were withdrawn and analysed as before in the case 

of methyl nitrite. 
For three runs 
the runs shown 
in Table III were 
obtained. 

Thus the pro- 
pt)rtion of non- 
condensable gases 
is greater than 
with methyl 
nitrite. 

The condensable fraction was nearly completely soluble in alcohol, 
leaving a small combustible residue which apj:>eared to be primarily 
methane. The non -condensable fraction contained some carbon monoxide 
and a little methane but was mainly nitrogen. The total percentage com- 
position of the gaseous products for three typical runs is given in the 
following table : — 


TAI^LF. 111. 


Run No. 

X 

a 

3 

Mean. 

Percentage condensed 

35 3 

40*(> 

40-4 


Percentage not condensed . 

! ^M-7 

504 




TABLK IV. 



Run X. 

Run a. 

Run 3 . 

Mean. 

Nitrogen jjercentage 

30-3 ! 

37*f> 

3‘''*3 

3''^‘4 

Nitrous oxjde percentage 

25*7 ! 


329 

30 * 2 

Carbon monoxide jHTcentage . 

22’Z 

1 70 

»5-3 

i8*l 

Methane, etc., percentage 

I 2 S 

1 

i 

*3'5 

*3 


It is seen that the principal constituents are again nitrous oxide and 
nitrogen, but these are not present in exactly equivalent proportions. The 
ratio of carbon monoxide to methane " is also not unity. An interpreta- 
tion of these facts is suggested below. 

DlscuMlon. 

From a spectroscopic standpoint the most interesting considerations 
relate to the system of bands shown by the nitrites in the near ultra- 
violet. From a comparison of the nitrites with nitrates and nitro- 
compounds it was previously suggested that this band system was shown 
exclusively by compounds containing the — N=aO group. The present 
wwk support^ this conclusion (e.g, the bands arc absent with the sub- 
stituted hydroxylamine). In F'ig. i the positions of the nitrite bands 
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for the different compounds are shown. The bands of dimethyl nitro- 
samine, which are somewhat more difficult to measure, lie at closely 
similar wavelengths. 

The above conclusion can, however, be taken further : the tertiary 
nitroso-compound, nitroso-chloropropane, does not give a corresponding 
absorption in the same near ultraviolet region. It thus appears that the 
system of bands between 3000-4000 A. is characteristic of compounds in 
which the — N =0 group is attached to an atom having free electrons, 

as in — O — N= 0 , or^N — N== 0 . The possibility of resonance in such 


K.' V I 

structures, which may be representable by — 0 — N = 0 and ^N — N = O, 

1 ^1 

may have some bearing upon this. If the level of the tertiary nitroso- 
compound at about dsai A. corresponds to the near-ultraviolet level of 
the nitrites, but is displaced in the latter substances as a result of reson- 
ance phenomena, we might take the difference in energy between the 
level in the two cases as representing the resonance energy of the 
— 0 — N =0 structure. This will he roughly 3700 A.-65(X) A. s (27,000- 
15,400) cm.*"^ ■"= 11,600 cm.-^ s 1*44 volt = 33 kcals. per gm. mol. 
On this hypothesis the difference between the lowest level of the tertiary 
nitroso-compounds on the one hand, and the nitro-compounds on the 
other, may represent the resonance energy of the nitro-group. This will 
be roughly (40,000-15,400) = 24,600 cm.”^ s 70 kcals. per gm. mol. 
Some doubt, however, is cast upon this interpretation, since the difference 
in energy between the lowest levels of the nitrites and nitrates, which 
might also perhaps be associated with resonance in the nitro-group, is 
only 37kcal. ; but the complex nature of the nitrate structure may be 
the reason for the discrepancy. 

It is clear that in all the nitrites the main vibration frequency excited 
in the band region is about 1000 cm.“^, decreasing noticeably to higher 
levels. Comparison with known valency vibrations of similar compounds 
containing atoms of similar mass, shows that it is reasonable to assign 
the frequency lOOC) to a valency vibration in the nitrite molecule.* 

It is interesting to correlate the above data with those of Melvin and 
Wulf for nitrous acid. The excited level of this compound agrees well 
with those of the alkyl nitrite.s. The frequency interval between the 
more intense bands (ca i(XX3 cm.“^) implies too that this frequency in- 
volves the same vibration as is excited in the alkyl niirites. The inter- 
pretation of the feebler bands of nitrous acid is less obvious. Of many 
possible hypotheses, two appear most probable, each differing from that 
suggested by Melvin and Wulf. These are best explained with the help 
of Fig. 2. 

According to Fig. 2 (a) the satellite bands are interpreted as being due 
to vibration levels superposed upon the main vibration levels. The 
magnitude of the superposed vibration is about 250 cm,~^, and of the 
order of a deformation oscillation. It may be reasonable to suppose that 
with the molecule H — 0 — N =0 such a deformation is more excitable by 
virtue of the nature of the light H atom, whereas with the heavier alkyl 
radicals this is impossible. On the other hand, there seems to be no 
reason why deformation vibrations should not be excited above the two 


• For example* the frequencies of the molecule N » N « O arc given as 2224, 
1285 and 3S0 ; of Cl C « N as 729, 2201 and 397 ; and of Cl — N «« Q as 023; 
183* and 633. 
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lowermost excited vibration levels. Also the value 250 cm.“^ is perhaps 
rather lower than might have been expected for the deformation oscilla- 
tion frequency. 

The alternative hypothesis involves the assumption that two vibration 
levels are excited, one about 1000 cm.-^ the other about 2250 cm.~^. 
The satellite bands are thus interpreted as combinations of the two normal 
frequencies (Fig. 2 (d)). 



Fig. 2 . 


The spectroscopic data suggest that the primary act in absorption 
of ultraviolet frequencies by the nitrites is a dissociation process, since 
the bands are diffuse under high dispersion. The analytical results 
suggest that the primary process is represented in general by : 


H 

R— O— 
H 


+ Ai'-^R.CHO-f HNO 


€,g. for methyl nitrite, 
H 


H— i Oy 


H 




+ kp 


CH,0 + HNO 
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The subsequent changes are somewhat different for the different 
nitrites, but, in general, decomposition of the hyponitrous acid leads to 
much nitrogen and nitrous oxide. 

With methyl nitrite the formaldehyde first formed polymerises ther- 
mally or photochemically to give solid paraformaldehyde. Carruthers and 
Norrish ® have studied the photochemical polymerisation of formaldehyde 
and shown that it is catalysed by traces of formic acid, the solid polymer 
being deposited preferentially on a cold surface. As explained above, 
traces of formic acid were detected among the end-products. This 
might well arise from an oxidation of a little formaldehyde by the de- 
composition products of the hyponitrous acid. These facts taken 
together suggest why the deposition of the polymer occurs only on the 
back face of the cell unless the latter is cooled uniformly.* 

The traces of carbon monoxide and hydrogen found among the de- 
composition products of methyl nitrite presumably arise from a photo- 
chemical decomposition of formaldehyde. 

With ethyl nitrite we should expect the primary products to be 
acetaldehyde and hyponitrous acid. Photo-polymerisation of acetalde- 
hyde does not occur as easily as with formaldehyde, and is not catalysed 
in the presence of acetic acid. We might therefore expect to obtain a 
much smaller pressure decrease in the run than with methyl nitrite. 
Actually the decrease in pressure is smaller, though not markedly. It 
seems probable that some of the acetaldehyde is decomposed giving 
methane and carbon monoxide, and some is oxidised by the decomposing 
HNO to give the drops of liquid acetic acid, which in turn dissolve some 
acetaldehyde. The part played by the HNO in oxidising the aldehyde 
may be more significant here than in the case of methyl nitrite, and lead 
to a ratio nitrogen : nitrous oxide appreciably different from unity. 

The above mechanism agrees with that suggested by Anderson, 
Grumpier and Hammick for the photolysis of more complicated organic 
nitroso compounds.® It should be possible to test the hypothesis by a 
consideration of other examples, e,g. t 5 (?-amyl nitrite, 

CH3 , CH*. M CH3 . CH*. 

>C<; >CO + HNO. 

CH/ ^0— N-=0 ch/ 

Such work is now in progress. Preliminary experiments show’ that on 
illumination of this substance with the light of the mercury lamp, an 
increase of pressure is observed, wiiich can be reconciled with the mechan- 
ism suggested for the decomposition. 

^ Par. Soc. Trans,, 1936, 33, 195- 

* A microanalysis of the solid polymerised product gave C 38-19 cent., 
H 6-84 per cent., O 54*97 per cent. This corresponds to the empirical formula 
^•ittNt.7M05.4,7. Assuming the non-branching mechanism of Norrish and 
Carruthers the formula of the product should be n being the 

chain length for the photopolymerisation of formaldehyde in the presence of formic 
acid. It is likely that the water formed in the final chain-breaking link will be 
occluded in the solid product. We could then correct the formula of the latter 
^ Then 

2n -P 4 6*276 , 

1—2. SB — ^ whence n = 68. 

« 4 - 3 3*182 

It may, however, be unwise to attach too much significance to this calculatipn 
since small errors in the microanalytical work may considerably affect the value of 
n obtained. 

•/. Chem . Soc., 1935, 1679. 
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If the mechanism now suggested for the photo-decomposition of the 
nitrites is correct, it is interesting to contrast it with that which has 
been suggested as the primary stage in the thermal decomposition of 
these substances, namely, according to Steacie and his collaborators, 

R— CH,— 0— N=0 R— CHjj— 0— + NO 

Summary. 

Previous measurements on the photochemistry and spectroscopy of 
nitrates, nitrites and nitro compounds have been extended. A comparison 
is made with the data for nitrous acid recently reported by other workers, 
and interpretations are suggested to explain the structure of the regions 
of banded absorption in the nitrite spectra. The products of photochemical 
decomposition of the nitrites are described, and a mechanism is suggested 
to represent in general the course of this reaction. 

We are grateful to the Government Grant Committee of the Royal 
Society for assistance in the purchase of instruments. 

The Old Chemistry Department, 

University Museum, Oxford. 
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The object of the present investigations is primarily to compute the 
values of the free and total surface energies of super-cooled liquids at the 
absolute zero, and to discuss their dependence on constitution and their 
relation to other physical constants. In the examination of the litera- 
ture it became evident that large gaps existed in our knowledge of other 
surface tension constants and it is a second object of this paper to fill 
in these gaps where possible. It should be emphasised at the outset that 
the possibility of obtaining figures for surface energies depends on the 
existence of reliable data giving the surface tensions of pure liquids at 
different temperatures. 

These data, in all instances, form the terminus a quo, and it is not till 
one makes a search into the literature that one realises how scanty are 
the relevant data. There arc determinations in plenty of the surface 
tensions of isolated substances, at one or two not very widely separated 
temperatures. What is needed, however, for the purposes of such in- 
vestigations as this, is a set of tables which shall give the surface tensions 
over a wide range of temperature, of different series of related organic 
compounds — esters, ethers, ketones and the like — where special attention 
has been paid to the purification of the specimens and to the trust- 
worthiness of the surface tension method. It is hoped that one or two of 
these gaps will be filled in the near future. 

Taking, however, the published figures as they stand, and selecting 
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therefrom what appear to be the most accurate results, the authors have 
calculated the following constants for the different substances listed : 

(i) The value of the constant and the exponent n in the power law 
connecting surface tension and temperature 

Y = yo(> — >«)“ 

(m here stands for reduced absolute temperature and is the surface 
tension of the super-cooled liquid at the absolute zero). 

(ii) The value of the exponent in a generalised form of Macleod’s 
equation 

y = ^{pL - Pv)” 

(iii) The value of Eq (or Bq) the total or the free molecular surface 
energy of the super-cooled liquid at the absolute zero. 

Having obtained these quantities it becomes possible to investigate 
their dependence on chemical constitution and their relation to, other 
physical constants of the liquid. The present paper is concerned chiefly 
with the listing of these data — only a tentative discussion is given of the 
related matters. 

The figures of primary importance are those for surface tension and 
temperature. These data being critically selected, either or both of two 
methods may be followed. The critical temperature being known, a 
logarithmic plot of (l — m) and y suffices to determine the required con- 
stants yo eq\iation may be attacked by the method of 

least squares (or some related method), labour being reduced by employ- 
ing mechanical aids to computation.^ We have found it convenient 
to follow both these methods. The graphical method, though less pre- 
cise, indicates ver>’ clearly to the eye whether the power law is or is not 
closely followed. 

It should be noted that, even if the critical data are not available, 
it is possible, without much difficulty to evaluate b, y^ and n in the 
equation 

y = yo{i — 

where b is the reciprocal of the critical temperature. Thus, if, by inter- 
polation methods, dy/dO is found for different values of 6, the quantity 
y . dOjdy is linear in and a plot of these two variables determines n 
and b. The value of y^ may then be obtained from the original equation. 

The values of y^, and n having been determined it becomes possible 
to calculate the total energy (A), which is given by 

A = y - m . ^ = yo(l — • (l + »«(« - *)}, 

SO that values showing the magnitude of A at any required temperature 
may be obtained from the values of yo and n listed in this paper. 

The parachor P, is usually defined as the >"alue of M . y^/(pL Pv)- 
This definition is convenient, inasmuch as the parachor may then be 
obtained from one determination of a surface tension and a density — 
the expression just given being, of course, independent of the tempera- 
tuie if Macleod’s law is followed. Actually many unassociated sub- 
stances follow a generalised form of Macleod’s law in which 

y = C{pj^ — pv)^ 

^ our calculations, the work was considerably expedited by the use of a 
Nova Bmnsviga ** calculating machine. 
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and p which is constant for any one liquid varies from liquid to liquid, 
and is, in many instances, sensibly different from 4. The assumption of 
the “ fourth power law,” leads in these instances to values of the parachor 
which show a sensible drift with temperature — a drift which disappears 
when the appropriate value of p is chosen, and the parachor P computed 
from 

P = Af . - Pv) == 

where C is the constant of Macleod’s equation in its general form. 

If, following Katayama, we define the free molecular surface 

energy {e) as y . •. — ^ ^ instead of y . with a similar expression 
\Pjj ”” Pvr Pit 

for the total molecular surface energy (E) in which A replaces y, it is not 
difficult to arrive at expressions which give, very accurately, the march 
of these quantities with temperature. 

It is convenient to take the equations 

y = yo(i — w)" and y = C(pl — Pv)” 

as fundamental. They are the simplest expressions connecting the 
fundamental quantities surface tension, density and temperature, they 
are easily tested giaphically or algebraically, and the constants yo, C, n 
and p are readily and accurately calculable. In terms of these constants 
we at once find 

e :szz y , = ^0 . (l — m) ^ 


(Pl Pv)^ 


where 


2 2 

yo~»P . = yo~’^’'P*, 


where P is the parachor. 
Similarly, 

E — — E (i 

(Pl-Pv)*“ 


+m(n- I)}, 


where = y^^ and we see, therefore, that Eq = e^. 

As the figures will show, n does not vary greatly from liquid to liquid, 
and for rough computations may be assumed to be constant at the value 
12. If in addition we assume, as in the ordinary parachor calculations 
that p = 4, we find — 

e = ^^6 E = £q{i + 0*2 m}, 

as was pointed out by Katayama. It would seem, then, that the curves 
between these quantities and the temperature are rectilinear, starting 
from the same point at the absolute zero, ^ diminishes to zero at the 
critical temperature, while E increases to a maximum at the critical 
temperature. This does not seem plausible, and the fact is that for 

practically all the substances which we have examined, the index 

is a little greater than unity, so that ^ is a little greater than 

zero. The effect of the power term in the expression for £, insignificant 
at low temperatures, shows its importance in the neighbourhoc^ of the 
critical point by pulling the curve down to the zero level. 
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TABLE I. 


SnlMtance. 

Authority. 

Yo* 

n. 

P - 

1®. 

Methy} formate . 


R. and S. 

75-51 

1*218 

4*00 

980 

• 

i» »» 


R. and S.* 

76*90 

I *216 

3-976 

995 



I . C . T . 

77 - 8 o 

1*230 

3-99 

1005 

Methyl acetate . 


I . C . T . 

69*66 

1*2044 

4*019 

1084 

If II 

Methyl propionate 


R. and A. 

67*26 

1*20 

3-97 

1060 


R. and A. 

64*60 

1*217 

403 

1169 

ft i> 

Methyl butyrate 


I . C . T . 

65-50 

1*205 

3-97 

1170 


I . C . T . 

63*10 

1*232 

4*05 

1270 

», ft 


R. and A. 

63*10 

1*234 

4*00 

1270 

Ethyl formate . 


R. and A. 

67-30 

1*234 

3*90 

1045 

Ethyl acetate 


I . C . T . 

67*70 

1*218 

3-89 

1054 

* 

R. and S. 

63-92 

1*215 

4-03 

1149 

II f 1 

Ethyl propionate 


I . C . T . 

66*90 

1*232 

4*00 

1190 


H.. R. and L. 

59*34 

1*162 

3-70 

1237 

f 1 II 


R. and A. 

60*30 

1*21 

3-93 

1214 

Propyl formate 


R. and A. 

62*69 

1*213 

4*01 

1154 

Propyl acetate 


R. and A. 

59*75 

1*210 

3-95 

1240 

n Butyl acetate 


Wa. and S. 

5875 

1*222 

3-99 

1317 

Ethane 


M. and W. 

46*06 

I-I 5 

3-846 

596 

Propane . 


M. and W. 

57-45 

1-356 

4-4 

763 

n Butane . 


C. and M. 

52-67 

1*241 

4*542 

9*4 

isopentane 


H.. R. and L. 

51*29 

1*217 

4*193 

1009 

Hexane 


H.. R. and L. 

51*74 

1*200 

4*07 

1126 



Schiff. 

53-41 

1-233 

4*014 

1160 

Octane 


R., S. and C. 

53-60 

1*243 

3*937 

1373 



H,, R . and L. 

5383 

1*252 

4-085 

1384 

Decane 


H., R. and L. 

54-95 

1*251 

3*834 

1596 

n Hexacosane . 


Sch. and K. 


— 

3*79 

2926 

n Dotriacontane 


H. and M. 

— 

— 

3*55 

3498 

n Hexacontane . 


Sch, and K. 

— 

— 

5-56 

4819 

Acetylene . 


M. and W. 

62*12 

1*213 

3*985 

621 

Ethylene . 


M. and \V. 

5378 

1*295 

4*19 

600 

Propylene 


M. and W. 

54-80 

1-233 

4*014 

756 

Aliylene . 


M. and W. 

6i*i6 

1*260 

4*062 

764 

Benzene 


R. and S, 

69*18 

1-239 

3-83 

1180 



R. and S.* 

72*11 

1*23 

3*97 

1232 

,, 


H.. R. and L 

71*60 

1*229 

3*86 

12 J 6 

,, 


I . C . T . 

76*29 

1*223 

3*82 

1210 

Toluene 


Sugden. 

70*26 

1*205 

3-91 

1202 


H.. R. and L. 

65*72 

1-226 

3*79 

1271 

♦ 


W. and S,* 

66*91 

1-257 

4*077 

1310 

* 


R. and G.* 

66-37 

1*239 

3*91 

1305 

Ethyl benzene . 


H.. R, and L. 

64*46 

1*236 

3-674 

1375 

»» 


R., S. and C. 

^4-31 

1*228 

4*35 

1400 

n Propyl benzene 


R. and L. 

61*94 

1-233 

3*517 

1453 

o»Xylene . 


R., S. and C. 

65-52 

1*250 

3*94 

1400 

m-Xylene . 


R., S. and C. 

64*12 

1-245 

3-92 

1390 

»» ft 


W. and S,* 

64*15 

1-254 

3-99 

1386 

n-Xylene . 


H., R. and L, 

62*23 

1*22 

3*93 

1349 



R, and G.* 

64*40 

1*252 

3*74 

1371 

;^Xylene , 


R., S. and C, 

63*88 

1*261 

4*00 

1383 

»» $t 


H.. R. and L. 

63*10 

1*254 

3-85 

1361 

Chlorobenzene . 


H.. R. and L. 

70*06 

1*196 

5*5 

1396 

Bromobenzene < 


I . C . T . 

72*11 

1*228 

3*98 

1383 

« 

H., R. and L. 

75-68 

1*278 

3*716 

1478 



I . C . T , 

7413 

1*232 

3*93 

1460 , 

Carbon tetrachloride 


I . C . T . 

67*61 

1*229 

3*97 

1221 
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TABLE I. — Continued, 


Substance. 

Authority. 

Vo. 

H. 



Cvclohexane 

H., R. and L. 

64-96 

1-267 

4-12 

1263 

Acetone 

H., R. and L. 

66-00 

I- 2 I 2 

3*925 

972 

Di-methyl ether 

M. and B. 

61-48 

1-247 

4 089 

803 

Di-ethvl ether . 

R. and S. 

56-72 

1-252 

4 -L 5 

1028 

• 

R. and S.* 

59-02 

1-241 

4*13 

1073 

• > fi 

I.C.T. 

57-37 

1*232 

3*92 

1039 

Ethyl bromide . 

H., R. and L. 

67-97 

1-188 

3-67 

1047 

Ethyl godide 

H., R. and L. 

72-61 

I- 22 .J 

4-17 

1170 

Propyl chloride . 

H.. R. and L. 

66-0 1 

1-269 

4-266 

1099 


C. and M. ~ Coffin and Maass, J.A.C.S., 1928, 50, 1427. 

M, and W. — Maass and Wright, J.A.C.S., 1921, 43, 1098. 

H., R. and L, - Hcnnaut, Roland and Lek, Bull. Soc, chim. belg., 1931, 40, 177. 
R., S. and C. Richards, Speyer and Carver, J.A.C.S., 1924, 46, 1196. 

H. and M. — Hunter and Maass, J.A.C.S., 1929, 51, 161. 

R, and S. — Ramsay and Shields, Irani. Roy. Soc., 1893. 

W. and S. ^ Walden and Svvinne. Z. physik. Chew., 1912, 79, 700. 

R. and G. Renard and Guyc, J. chnn. physics, 1915, 5, 81. 

R. and A. — Ramsay and Aston, Z. physik. chem., 1894. 

M. and B. — Maass and Boomer, J.A.C.S.» 1922, 44^ T709. 

I. C.T. = International Critical Tables. 

Wa. and S. -- Washburn and Shildneck, J.A .C.S., I9.p, S 5 f 2354. 

Sch. and K. --- Schenck and Kintzinger, Rec. trav. chim., 1923, 4a, 759. 

When any figures bear an asterisk it indicates that the author's original 
figures have been corrected. See S. Sugden, J.C.S., 1924, 133, 1188. 

It may be noticed in passing that the temperature variation of the 
free and total molecular surface energies, as usually defined, has been 
investigated along lines similar to those indicated ^ and it has been 
shown that the total molecular surface energy is not, as commonly 
assumed, independent of the temperature, but varies therewith according 
to a rather complicated law. For low values of the temperature, the 
variation is slight, the energy rising to a slight but definite maximum 
at a reduced temperature of 079 , hereafter falling rapidly to zero at 
the critical point. 

The quantities and are functions of the critical constants ; 
van der Waals has given reason.s ^ for putting 

yo = Key,-* 

where K is a universal constant and V c is the critical molecular volume. 
Having determined values foi y^ for a number of substances for which 
the critical data are available, we assumed that 

y, = V* 

and determined the constants /C, a and b by the use of the method of 
least squares. We find that 

3*12. 

and the fit of this equation is tested later. 

* Ferguson and Miller, Proc. Physic, Soc,, 1934, 46, 140. 

•Van der WaaLs, Z, pkysik. Chent.^ 1894, 13, 716. 
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Similarly putting 

we find, using the values of e, already deduced that 

e„ = 0-811 

But the parachor P is a simple function of ^mcl y<, and if we assume 
p = 4 we find that 

= Vo* • P* 

and therefore, on substituting the values of and y© we have 

P== A. 

The fundamental table in this paper is Table 1. Here are tabulated 
values of y©, and 

^0 ^ TABLE II. 

stances representing very 
varied types of organic 
liquid. To obtain data 
for these calculations we 
have searched the litera- 
ture fairly thoroughly 
and critically, and our 
authorities are irnlicated 
in the second column. 

We have not thought it 
worth while to tabulate 
the values of (u — 2nllp) 

and {,, - 1 - |;) -‘S 

these can be obtained at 
once from the tabh*. 

(hven tables ot criti- 
cal data and of densities, 
it ib possible from this 
tabic to calculate at any 
temperature trustworthy 
values of ^ur^a t tension 
(y), total surface energy 
(A) and free and total 
molecular .surface ener- 
gies. It will be seen 
from the table that p 
deviates very sensibly 
from 4 for a number of substances, and Table IL shows how the definition 
of the parachor as (MC alters the values of P as compared with the 
value given by the fourth power law. 

We have seen that it is possible to put empirically 

^ 0’8i I and yo = 3*12 

Table III. shows how closely these results are followed. In these 
columns (obsd.) and yo (obsd.) refer to values calculated as described 
directly from the surface tension data ; (calcd.) and yQ (calcd.) refer 
to values calculated by substituting values for the critical constants in 
the equations just given. 


Substance. Temp. ^ 

Benzene . . 2o*o 3*01 205*9 209-9 

(Sugden's figures) 39-0 3-91 2062 210*0 

54*8 3-91 206-2 2 10- 1 

90-0 3-91 206-5 2IO-I 

150-0 3-91 206*8 209*9 

Chlorobenzene . 12-0 3-95 243-6 246-3 

(Sugden’s figures) 41-0 3-95 244-5 247-4 

St-o 3-95 244-7 247-3 

3-95 244-7 247-2 
1800 3*95 244*3 246-3 

Ether . . . 200 4-12 2tP(> 207*3 

50-0 4*12 212-2 208-3 

So-o 412 2ii-r 207-3 
iioo 4-12 212*2 208-2 

Metlivl formate . 50-0 3-98 13S-0 138-7 

8o-o 3-<jS 137-9 138-5 

iio-o 3-98 138*1 138-6 

140-0 3 98 139-4 139.7 

170-0 3-98 139-2 139.5 

Ethyl acetate . 90-0 3-94 217-5 219-8 

120*0 3*94 215-8 2i8-6 

150-0 3-94 216*8 2i8-6 

i8o*o 3*94 217-2 2 i8*6 
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Yi (Ob- 
served). 

Vo (Cal- 
culated). 

6 , ( Ob - 
served). 


76-70 

76-96 

980 

975 

67-26 

68-57 

1060 

1066 

64*60 

63-73 

1169 

1158 

63-10 

59-98 

1270 

1251 

67-50 

68-54 

1050 

1070 

63-92 

62-34 

1149 

1146 

59-34 

58-69 

1237 

1235 

62*69 

64-25 

1^54 

1177 

59*75 

58-98 

1240 

1243 

46*06 

54-45 

596 

597 

57*45 

54-89 

763 

757 

52-67 

52-64 

924 

— 

51-29 

52-92 

1009 

1022 

53*41 

52-77 

1160 

1159 

53 -ho 

50-31 

1373 

1370 

62-12 

62-34 

621 

575 

53-78 

53-38 

600 

i 537 

71-60 

71-00 

1210 

1206 

66-91 

66-88 

1310 

1322 

72*11 

72-06 

1396 

1403 

74*13 

74*21 

1478 

1499 

67-61 

t> 7*55 

1221 

1210 

56-72 

56-21 

1028 

1020 


Table IV. similarly shows values of the parachors of various substances 

calculated from the 
TABLE III. equation 

p ^ ^ y I 

Sub.t«ice. Vo (C^: 5 « 

served), culated). served), abated). 

for comparison Sug- 

Methvl formate . 7670 76-96 980 97.5 den’s values of the 

Methyl acetate . . 67-26 68-57 10^ 1066 parachor as calculated 

Methvl propionate . 64-60 63-7^ 1169 1158 f ^11 

Methyl butyrate . 63*10 59-98 1270 1251 froni their elementary 

Ethyl formate . . 67-50 68-54 1050 1070 values. It will be 

Ethyl acetate . . 63-92 62-34 1149 1146 seen that the agree- 

^hyl propionate . 59-34 5^9 1237 1235 nient is reasonably 

Propyl formate . 62*69 64*25 1154 1177 , , -v 

Propyl acetate . , 59*75 58*98 1240 1243 good. (The value of 

Ethane . . . 46*06 54*45 596 597 A used in these com- 

Propane . . . 57-45 54-89 7<>3 757 putations is 0-324). 

Butane . . . 5.!-67 52-64 9^4 - Finally, a prelimin- 

isopentane . . 51-29 52-92 1009 1022 , j 

Hexane . . . 53*41 52*77 1160 1159 tentative at- 

Octane . . . 53*60 50-31 1373 1370 tempt has been made 

Acetylene . , 62-12 62-34 h2i 575 to investigate the re- 

.IVf. lation between clicmi- 

Benzene . . . 71-60 71-00 1210 1206 , , . 

Toluene . . . 66-91 66-88 1310 1322 '^^l constitution and 

Chlorobenzene . . 72*11 72-06 1396 1403 the values of and 

Bromobcnzene . . 74-13 74-21 1478 1499 y.. The usual proced- 

• VeV. K ,‘o^a ure has been followed, 

a mean value for CH» 
' being obtained, and 
values for carbon and 
TABLE IV, hydrogen deduced by 

means of the paraffins. 

Substance. P(Sugden). Values for other ele- 

ments are then ob- 
tained, and the usual 

Methyl for*ate . 137-4 "38-o allowances may be 

MethVl propionate . 216-3 iVh-o made for the nature of 

Methyl butyrate . 257-7 255 0 the oxygen or other 

Ethyl formate . . 178*4 177*0 linking. 

Ethyl acetate . . 218*4 216-0 Such calculations 

lEKSrr' : wo .offer from paucity of 

l^opyl formate . 219 0 216-0 data, and it is much 

Propyl acetate . . 260-4 255'0 to be hoped that any- 

Ethane . . . 104-3 112-2 making a surface 

Hexane . . . 269-8 268-2 tension determination 

Octane . . . 357-3 346*2 will obtain values over 

Benzene . . . 201-8 207-1 a wide range of tern- 

Toluene . . . 245-3 246-1 perature. It is only 

Chlorobenzene . . 243-8 244-3 

Bromobcnzene . , 258-6 258*0 thus possible to obtain 

Carbon tetrachloride . 214-7 222*0 complete information 

Acetylene . . 84-7 90-4 concerning the surface 

E;X”u.i.rr ; : 

Acetone . . . 169*9 x6o-2 and its surface con- 

stants. 

~ From a comparison 

of the values of Cq for different members of various homologous com- 


TABLE IV, 


Substance. 


P (Sugden). 

Methyl fordiate 

137*4 

138-0 

Methvl acetate . 

177*3 

1770 

Methyl propionate 

216-3 

216*0 

Methyl butyrate 

257*7 

2550 

Ethyl formate . 

178-4 

177-0 

Kthvl acetate . 

218-4 

216-0 

Ethyl propionate 

259*5 

255*0 

Ethyl butyrate . 

3120 

294*0 

Propyl formate 

2190 

2 I 6*0 

Propyl acetate . 

2(>0-4 

255*0 

Ethane 

104*3 

II 2-2 

Propane . 

143-2 

151*2 

Hexane 

269-8 

268*2 

Octane 

357*3 

346-2 

Benzene . 

201*8 

207-1 

Toluene . 

245*3 

246-1 

Chlorobenzene . 

243*8 

244*3 

Bromobcnzene . 

258-6 

2580 

Carbon tetrachloride . 

214-7 

222*0 

Acetylene 

84*7 

90-4 

Ethylene . 

92*3 

IOI -2 

Diethyl ether . 

209-7 

210-3 

Acetone . 

169*9 

x6o-2 
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pounds we find a mean value for CHg of 106 units. Combining this 
with the values for the paraffins we find in the usual way that the value 
for hydrogen is 262 units 

and for carbon minus 418 TABLE V. 

units. For oxygen in the 
ether group the value is 
74*5 units. 

With these figures it is 
possible to make a rough 
comparison of the calculated 
and observed values of 
These are shown in Table V. 

These figures are, how- 
ever, merely a preliminary 
contribution ; the present 
paper is chiefly concerned 
with the calculation and 
listing of the more important 
surface tension constants. 

We hope, in a later paper, 
to discuss the effects of composition and constitution in some detail. 

Note by A, F. 

The work has been made possible by the assistance of a grant from the 
Department of ScicMitific and Industrial Research, and I desire to offer 
my thanks to the Advisor>" Council of the Department for their assist- 
ance, and to Prof, H. R. Robinson who has given every facility for the 
prosecution of the investigation. 


REVIEWS OF BOOKS. 

Die Allotropie der chemischen Elemente und die Ergebnlsse der 
Rdntgenographie. By M. C. Neuburger. Stuttgart : Ferdinand 
Enke» 1936. Pp. 106, with 32 illustrations. Price R.M. 9.30. 

The author has performed a valuable service in bringing together the 
results of scattered observations dealing with the general subject of allo- 
tlbpy. Most of the book is composed of a systematic review of the elements, 
reinforced witli brief discussions of the influence of impurities, atomic 
properties, and the mechanism of transformations. Within limits, this is 
all that could be expected, and the monograph does not set out apparently 
to be the last word on this aspect of energetics. Nevertheless, one or two 
comments may be offered. 

To take details first (since they concern the systematic part of the book), 
one would hesitate to subscribe to the view that bismuth shows only one 
form. It is hard to say exactly, but magnetic work of the greatest delicacy 
seems to imply that this substance passes through a number of allotropie 
changes packed very closely together (on a temperature scale) just beneath 
the melting-point. Again, it may be true that iodine is not allotropie : 
it is very difficult to credit it ; not because definite proof of two forms can 
be advanced, but for theoretical reasons. 


Substance. 

H 

(Observed). 

(CalaSated). 

Dimethyl ether 

803 

8105 

Methyl ethyl ether . 

917 

916-5 

Diethyl ether . 

1028 

1022*5 

Ethyl propyl ether . 

1130 

1128*5 

Ethane . 

596 

73<> 

Propane . 

760 

842 

Butane . 

924 

948 

Pentane . 

1047 

1054 

Hexane . 

1160 

li6o 

Heptane 

1269 

1266 

Octane . 

1373 

1372 

Decane . . . j 
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Allotropy is a subtle and fascinating study, and those who indulge in it 
need a special flair, which enables them intuitively to track down its exist- 
ence ; convictions exists that something is allotropic, and years may go 
by in establishing it. Furthermore, the phenomenon may be sub- 
structural, and X-ray analysis may therefore not be conclusive. These 
thoughts, however, do not detract from the value of Dr. Neuburger's book ; 
we shall turn to it for help very often. 

F. T. G. R. 

Theory of Machines. By Louis Toft, M.Sc., and A. J. T. Kersey 
(third edition). London : Sir Isaac Pitman & Sons, Ltd. 12s. 6d. 

This is a new edition of the well-known text-book for engineering 
students. The opportunity has been taken to add some notes on boundary 
lubrication to Chapter VI 1 . dealing with Friction and the Theory of 
Lubrication, and also to explain the tabulation method of treating 
problems on epicyclic trains — a method which many students have found 
helpful. The chapter on Oscillations and the Whirling of Shafts has been 
extended to deal with modern developments in high speed internal com- 
bustion engines. 

Chromium Plating: with Special Reference to Its Use in the Auto- 
mobile Industry. By O. Bauer, H. Arndt, and W. Krause. 
Translated from the German by E. W. Parker. London : Edward 
Arnold & Co., 1935. Pp. vi -f 266. Price 25s. 

In view of the great importance of chromium plating to the auto- 
mobile industry, the authors of this book, O. Bauer, H. Arndt and W. 
Krause, working under the auspices of the German State Bureau for Test- 
ing of Materials, carried out an extensive investigation on the properties 
of actual specimens of plated automobile parts. The principal aim 
of this work was to obtain data of a reliable and unbiased character which 
could be placed at the disposal of the industries concerned, with the 
object of raising the general standard of commercial chromium plating. 
The results were published as an official German report, and a translation 
of this forms the basis of the present book. The text has been modified 
by the introduction of additional material which provides a fuller survey 
of English, American and Cx>ntinental practice than was given in the 
original report, and the bibliography has been greatly extended in this 
connection and also brought up to date. In addition a short introductory 
chapter relating the properties of nickel and chromium deposits to electro- 
plating practice has been written by A. W. Hothersall. 

The title of the book is somewhat misleading : not more than a page 
or two is actually devoted to the practice of chromium plating, most of 
the subject-matter dealing with the testing of chromium-plated articles. 
The chief headings under which the tests are described arc : surface quality ; 
adhefflon ; hardness and wear-resistance ; resistance to high temperatures 
and reversal of temperature ; porosity ; and corrosion resistance. It 
is certain that the investigations have been carried out with marked 
thoroughness, and the large number of tables, diagrams and photographs 
Rid materially in making the results clear to the rea4er, A valuable and 
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concise summary of the conclusions to be drawn from the work are given 
in the final chapter. The bibliography, which contains nearly 600 refer- 
ences, is mainly concerned with papers and books published between 
1920 and June 1935 ; patent literature as such is not included, but refer- 
ences are given to publications in which patent claims are considered. 

The translator and publishers have done their work well : the price 
of the book is high for its size, but this is undoubtedly due to the expense 
involved in the high-class reproduction of some 190 half-tone plates. The 
book can be recommended to all organisations concerned with chromium 
plating or with the use of chromium-plated materials. 

S. G. 


Electron Emission and Adsorption Phenomena. By J. H. de Boer ; 
Translated from the manuscript by Mrs. H. E. Teves-Aclv. Cam- 
bridge University Press, 1935. Pp. xi -f 398. 21s. net. 

The object of this book is to co-ordinate for the first time what may 
be called the physics and the chemistry of surfaces. It gives a connected 
story of electron emission from metals and the adsorption of atoms on 
their surfaces. After two excellent introductory chapters on thermionic 
emission and the nature of adsorption forces a detailed account is given 
of the influence of adsorbed layers on the emissive properties of metals, 
particularly of caesium and similar atoms on tungsten. After a state- 
ment of the facts observed by Langmuir, Plecker and other workers, the 
author shows that it is possible to construct a satisfactory picture of the 
nature of adsorbed layers on metallic surfaces from the phenomena of 
thermionic emission. He then examines the extent to which this picture 
is in accord with the results obtained in photoelectric emission and shows 
that the main facts can be readily explained. The selective photo effect 
is shown to be the result of the absorption of light by adsorbed atoms and 
hence it is useful as an indicator of the presence of neutral atoms as well 
as ions on a surface. 

In the second part of the book the properties of alkali metal atoms 
adsorbed within dielectrics are discussed and their photoelectric properties 
are compared with those adsorbed on surfaces. The absorption of light 
of suitable wave-length can produce photoionisation but, since the electrons 
thus t'jected must have energies which lie between definite limits deter- 
mined by the lattice structure of the dielectric, the absorption spectrum 
has certain characteristic differences from that of the same atoms ad- 
sorbed on the exterior surface. The movement of the ejected electrons 
within the solid produces that interesting set of phenomena described 
as photoelectric conductivity, an account of which the book provides. 

This is a particularly interesting book written from a novel point of 
view. The style is simple and easy, being non-mathematical and descrip- 
tive, and the English, though a translation, is surprisingly good. It is 
marred only by one or two unusual descriptive terms, such as ionisation 
tension*' instead of the usual English “ionisation potential" (p. 143). 
There is a free use of potential curves to represent visually energy rela- 
tions of all kinds, w^hich greatly adds to the interest and enjoyment of 
the reader. 


J. E. L.-J. 
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Tile Piinciplee of Oueatum Mechanics. By P. A. M. Biiuc. Second 
Edition. Oxford : Clarendon Press, 1935. Pp. xi -f 300. Price 
17s, 6d. 

This is a revised edition of a book which is generally accepted as the 
most logical and authoritative exposition of the laws of quantum mech- 
anics yet produced. The presentation has been changed so as to reduce 
the abstract character of the first edition, and is likely to appeal to a wider 
circle of readers. 

The main alteration centres round the use of the word state." A 
satisfactory system of mechanics must provide a method of dealing with 
the relations and laws of nature governing the state of affairs in an atomic 
system at one instant of time and must also show the connection between 
the state of affairs at one instant of time with those at other instants of 
time. The new use of the word " state " is to make it refer to the con- 
dition of the d)aiamical system at one instant of time, and so the " state " 
of a dynamical system may be regarded as continually changing under 
the influence of the equations of motion. This new definition is non- 
relativistic, as it refers to conditions in a three-dimensional section of space- 
time belonging to one time-instant. The author expresses the view that 
this concept of " state " facilitates a clear exjx)sition of the subject and 
induces the belief that probably the fundamental ideas of the present 
quantum mechanics need revision at just this point. 

Another change from the first edition is the addition of a chapter on 
the quantum theory of the electromagnetic field, but the present formula- 
tion of this theory is very complicated and, as the author points out, it 
has not yet produced any results which cannot be obtained by more 
elementary methods. A satisfactory theory of the radiation field and its 
interaction with matter has not yet been produced. 

This edition, like the first, is a model of clear and logical exposition. 
It is expressed in simple language even when the ideas involved are 
complex. It is a scholarly book and can be thoroughly recommended 
to all who seek a clear formulation of the laws of quantum mechanics 
as they stand at present. 

J. E. L-.J. 

Thorpe’s Diccionarv of Applied Chemistry. Supplement. Vol. 111 ., 
Glossary and Index. By J. F. Thorpe and M. A. Whiteley. (lx>ndon • 
Longmans, Green & Co. Pp. 166 and vii. 21s. net.) 

This concludes the labour of bringing the last edition of Thorpe up-to- 
date. Those who have used Vols. I.-VII. have well realised the utility of 
the Index in Vol. VII. An index to the two supplementary volumes was 
therefore keenly awaited. Needless to say, it has been well done. This 
volume al.so includes a glossary of terms, which will often be helpful. 
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WILLIAM RINTOUL 

President of the Faraday Society, ig34 to 1^36 



Mr. William Rintoul died at his home in Ardrossan on the 25th 
of August at the age of sixty-six. He was educated at Anderson’s 
College, Glasgow, and received further chemical training in the 
laboratories of Mr. R. R. Tatlock, one of the few schools of analytical 
chemistry. He was for a short time an assistant and then a lecturer 
in chemistry to Tatlock’s students. In 1891 he came to London as 
chemist to a paint manufacturer, but in 1894 started out on his life- 
work. First at Waltham Abbey with his friend Robert (now Sir 
Robert) Robertson, under Sir Frederic Nathan, and, after 1909, at 
the Ardeer factory of Nobel’s Explosives Co., whither he accompanied 
Sir Frederic, be was concerned in the safety and efficiency of manu- 
facture of explosives. As research manager at Ardeer he reorganised 
the laboratories and started new ones, as, for example, for biochemical 
and physical work; his policy, specially in regard to the organisation 
of the work of his laboratories and the documentation of these re- 
sults and of relevant work published in the literature, has been the 
model for many other research organisations. When Nobel’s joined 
Imperial Chemical Industries, Rintoul came to London as joint 
research manager of the larger organisation, and here his otganising 
abilities found even fuller scope; his correlation of industrial and 
academic research will be specially remembered. 

He gave generously of his time to the work of councils and 
committees, serving on the Councils of the Chemical Society, and of the 
Institute of Chemistry and on the Federal Coimcil, the Safety in Mines 
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Research Board, the Chemistry Research Board (D.S.I.R.), the Research 
Committee of the L.M.S. Railway and the British Standards Insti* 
tution. As a representative of his firm he was well-known abroad, 
and he often attended meetings of scientific societies in this country 
and on the Contment. For his work in the Great War he was made 
an O.B.E. 

He married first Lottie Edwards, by whom he had two sons and 
a daughter, and, two years ago, Jess Isabel Robertson, the sister of 
his former colleague. 

Rintoul served on the Council of the Faraday Society continuously 
from 1930, and in October, 1934, he became President. He took 
a living interest in the work of this Society and especially in the 
formation of the Colloid Committee, of which he was an original 
member. His enthusiasm for the Colloid meetings, a subject to 
which he was perhaps drawn from his acquaintance with gelatinised 
nitrocellulose, culminated in the very successful meeting on the 
Phenoma of Polymerisation and Condensation, which was held at 
his suggestion and under his presidency. 

He will long be remembered by those who were privileged to 
attend the meetings under his presidency at the Imperial College in 
April, 1935, and in Cambridge in September, 1935, where his tact 
in conducting the business and the charm of his personality, evinced 
both during the meetings and informally in his room, as host, made 
those meetings an outstanding success. Shortly after the Cambridge 
meeting news was received of his serious illness, but, though he 
was unable to preside at the spring meeting of 1936, he looked for- 
ward with special joy to welcoming the Society in the autunrn to 
his home country; his absence from the Edinburgh meeting gave 
added poignancy to the Society’s loss. 

It is given to few men to have made so many real friends. 



SOME NEW ULTRAVIOLET BANDS OF SO, IN 

EMISSION. 

By G. Kornfeld. 

Received 2 nd July, 1936. 

In a previous investigation ^ an electrodeless discharge passing 
through SO, had been used to obtain the emission bands of SO. On 
casual observation it was then found that the spectrum obtained on the 
photographic plate extended to nearly 2100 A. if the exposure was taken 
through the wall of the tube, whereas the spectrum taken as usual 
through the plane end extended only to about 2400 A. This observation 
was easily explained since the absorption of SO, in this region has been 
found to increi se again towards shorter wave-lengths * and since the 
discharge occurred in a ring against the wall, whereas its distance trom 
the plane end was not much less than i cm. 

From more than one point of view it seemed interesting to investigate 
this new part of the emission spectrum. First of all it was important 
to make sure tliat the emission band system of SO did not extend farther 
to the ultra-violet than with the last band previously observed.* Since 
predissociation has been assumed in this region * on the basis of the 
experimental result, and since the energy of dissociation of SO has been 
calculated on this assumption, it seemed worth while to find out whether 
this result was established beyond doubt, and whether, even if the bands 
should be found to continue to shorter wave-lengths, there would be a 
break at least in the critical region. On the other hand, if the bands 
should be found not to belong to this system of SO or perhaps not to SO 
at all, it seemed important to ascertain to which of the partaking ions or 
molecules they could be ascribed. 

Experimental Procedure. 

The sulphur dioxide used in this investigation was first carefully pre- 
pared by a method already mentioned ‘ but, however carefully employed, 
the CO bands were always present in the ultra-violet region. A much 
simpler method proved, however, to be successful : the quartz discharge 
tube was connected at one end to a flask containing liquid SO, and at the 
other end — through a large tube filled with KOH — to an ordinary Hjrvac 
pump. By regulating the taps on both sides a suitable pressure for the 
discharge could easily be maintained during the exposure. With this 
method no CO bands were visible on the plate. 

The electrodeless discharge was maintained by an oscillator with a 
powerful valve (used at 125 milli amps.) connected to a generator 3deldmg 

* G. Kornfeld and M. McCaig, Nature, 1935, 135, 185. 

* G. Kornfeld and E. Weegmann, Z. Elektrock,, 1930, 96, 93. 

• V. Henri and F. Wolff, /. Physique et Radium, 1929, VI, 10, 81. 

♦ E. V. Martin, Physic, Rev,, 193 j:, 41, 167. 

• G. Kornfeld and M. McCaig, Trans, Farad, Soc., 1934, 99i. 

1487 



1488 SOME NEW ULTRAVIOLET BANDS OF SO, IN EMISSION 

up to 3000 volts. The electrodes^ separated by about 7 mm. from cue 
another, were adjusted round the tube (d « 25 mm.). 

The colour of the discharge depended on the pressure ; at low pressures 
it was a vivid violet, changing towards blue with increasing pressure, un^ 
the discharge showed a strong blue colour. At still higher pressures the 
discharge could not be maintained. The numerous bands in the region 
below 2400 A. could not be found in the spectrograms of the violet dis- 
charge, but only of the blue discharge. The investigation of the new bands 
was therefore carried out with the discharge of blue colour ; this blue 
light was continuous in the visible region and there was also a very strong 
continuous spectrum in the ultra-violet region, diminishing gradutdly to 
about 2300 A. The long exposures needed for the bands below 2400 A. 
made the continuous spectrum rather strong in the region of longer wave- 
lengths. During the exposure the pressure had to be carefully regulated 
by adding a small amount of SOt whenever the colour began slightly to 
change, owing to diminishing pressure of SOt arising from its decomposi- 
tion, as was clearly demonstrated by the large amount of sulphur deposited 
on the walls of the tube (outside the region of the discharge). 

The spectrograms were taken with a medium size quartz spectrograph 
(Hilger E2) with a dispersion of 8 A, per mm. at 2400 A. 

The Spectrum of the Discharge. 

Down to about 2440 A. the continuous spectrum was very strong on 
the photographic plate and accordingly there the bands were only faintly 
visible ; in the region of shorter wave-lengths, however, which was the 
object of this investigation, the bands could be seen clearly enough to be 
measured. 

Fig. I is an enlarged negative print (the emission bands and lines are 
seen to be dark against the white background) of this band spectrum 
together with the line spectrum of an iron arc. The numerous bands, 
varying somewhat in intensity, are slightly degraded to the red ; in most of 
them ^ere is no structure, only in a few can some faint traces of structure 
be detected. 

In the region between 2180 and 2150 A. some bands are just visible, 
though not sufficiently clearly to be registered. But most of the bands 
could be registered and were measured by comparing them with the lines 
of the iron arc and the copper arc, the latter being usi^ for the farther end 
of the ultra-violet region. 

The Analysis of the Spectrum. 

In Table I. all the bond heads of the region below 2443 A. are given in 
Angstrdm units. Fourteen of them, indicated by brackets, coincide within 
I A. with known absorption bands * of SOg ; considering, however, that 

TABLE I. 


2442^5^ 

24330 

2429*0+ 

2421-5+ 

2414’! 

2404^0 

2399*0 

2395'?^ 

2388-5+ 

2382-5 


2377-6 

23721 

2368-5 

2360*3* 

2357-0^ 

2350*7* 

(-348*3) 

2339*4*^ 

2333*0* 

2330*1* 


(2326-0) 

23*9-6 

2315-6 

2311-7+ 

(2306-9) 

2301*8+ 

2299*6 

2294*0 

{2288*6)* 

(2287*5)* 


2280*5 

2279-7+ 

2274*6* 

2271*6 

(2267*7) 

2266*5 

(2260-2) 

2256*0 

(2248*3)* 

(224I-5)* 


2235*7+ 

2232-4+ 

2228-3 

(2222*0)* 

22J6*2* 

2214*8 

22JI*5* 

(3205-J)* 

2193*7+ 

2191-3+ 


(2x88-1) 

(2lS5*3) 

2181*5* 

(2168*5)* 

2x50*3* 

(3140-8) 

(2135*4) 

2122 - 5 + 


• T. Ch. Chow, Physic. Rev., 1933. 44, 683, 






Fig. I. 
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tbe discharge occurred close to the wall, practically no absorption should 
be expected to be visible on the plate, especially in the region about 2300 k,, 
where the intensity of absorption is comparatively small.* On the other 
hand, an accident^ coincidence of so many bands seems rather improb- 
able, unless they belong to the same system, which means that in this case 
they ^ould belong to SO, in emission. In the positive column of a dis- 
charge passing through SO, Chow • has found numerous new emission bands 
between 2600 and 2040 A. of which twenty-eight coincide with bands given 
in Table L (some coinciding also with the absolution bands) and are there 
italicised. Sixteen of these twenty-eight (asterisked) have been identified 
by Chow as belonging to the emission of SO,, and some of them can be 
found also amongst W, Lotmar's ^ fluorescence bands ; with wMch sixteen 
further bands of Table I. (marked *) have been found to coincide, so that 
only ten bands are left which were not known. An attempt to arrange 
these ten (as well as the others) in accordance with the band system of SO 
proved unsuccessful, and thus ^e possibility of SO emission bands existing 
beyond the assumed limit of predissociation has been negatived. It seemed 
reasonable to try whether these bands could not be ascribed, along with 
the others, to the emission band system of SO,. 

The frequencies of the norm^ electronic state of SO„ r„ v, and 
have lately been determined by various authors. Lotmar, investigating 
the fluorescence spectrum of SO„ found the values 1150, 520 and 1370 cm.-‘ 
(in his numbering v, and vj), well agreeing with the Rmnan frequencies.* 
These values, cspeci^ly the first two, were confirmed by Chow and by H. D, 
Smyth • and quite recently by J. H. Clements in his investigation of the 
absorption spectrum between 3300 and 2600 A. This spectrum belongs to 
another upper level than the absorption spectrum in the farther ultra-violet 
region, but both systems share the same initial level ; the absorption 
spectrum in the farther ultra-violet region has been found to share both 
electronic levels with the fluorescence bands of Lotmar and with the 
emission bands of Chow. For the upi>er level Lotmar found the progression 
390 cm.-^ or a multiple, Chow found 375 cm.-^ or a multiple for the ab- 
sorption bands ; in his scheme for the emission bands he assumed three 
diflerent progressions, one of which he took to be 750-770 cm.-^, whereas 
the others were still uncertain. 

The wave-numbers of the bands of Table I. proceed along the three pro- 
gressions, 380, 500 and 1140 cm.-* ; from the above-mentioned investiga- 
tions the first is likely to belong to the upper level, while the other two 
coincide with two frequencies found for the ground level ; there is no 
evidence for a progression along the third fundamental frequency, 
1370 cm.-*. The bands have accordingly been arranged in a scheme 
represented by Tables II., III. and IV. Assuming that = 1x40 cm.-*, 
= 500 cm.-* and, tentatively, that 380 cm.-* could be ascribed to 
each table represents two progressions along f,' and v," respectively, the 
mean values for f/ being : 377, 403, 381, 381, 386, 384 and for v,'' : 500, 
499 . 506 ; the mean differences from one table to another are 1143 and 
1140 cm.-*, in good agreement with a progression along fj". The bands 
coinciding with absorption bands are again marked by brackets ; bands 
used in more than one table are italicised ; in a few cases the wave-numbers 
have been corrected to fit in better with the scheme, the difference between 
both values being about 20 cm.-* and never amounting to more than 
30 cm.-* ; where this has been done the original values are indicated below 
the new ones. 

The arrangement seems to be satisfactory although, ccmsidering that 
it cannot be taken as final : there are other possibilities ; if 


’ W. Ix>tmar, Z, Physik, 1933, ^ 3 . 7 ^ 5 * 

• A. Padieu and K. W. F, Kohlrausch, Physik, Z., 1932, 33, i6s 

• H. D. Smyth, Physic. J?w., 1933, 44 . 690. 

!.* h » 935 . 47. .. 4 - 

** K. Wicland, Nature, 1932, 130, 847. 
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more coincidences be assumed to occur. Tables III. and IV. would contain 
many additional bands. Even accepting this, however, no conclusive 
evidence can be given for the absolute numbering of the progressions ; 
m and n, a and b are not defined, even if it is assum^ that i', in toth levels 
is not excited. An indication, however, might be found in Table V. which 



contains the rest of the bands — ^with a mean difference of 1200 cm.-* from 
those in Table II. Now Clements found 1200 cm.-* to be the difference 
between the first and the second vibrational level belonging to v/', so that 
a should be equal to unity. Supposing that w = o and n = o, the wave- 
number for the transition between the upper level with v' = 6 . o . o and 
the ground level with v" = o . o . o should be 46,050 cm.-*. For v, Chow 
found 45,757 cm."* : the difference of 300 cm.-* should then be accounted 
for by v/. 

These latter suggestions are, however, only tentatively made, since the 
level indicated by Table V. contains only a few scattered bands ; moreover, 
the difference of 1200 cm."* might instead belong to the upper state, and 
then a could not be determined at all. 

Apart from these conclusions concerning the numbering of the vibra- 
tional levels the scheme works satisfactorily since it contains all the bands. 
The combined levels of v/' and v," seem to be characteristic of this special 
scheme ; in Chow’s paper the levels and a, are given, corresponding to 
4- and iv," -f- 2^/' respectively, but no levels are mentioned 
which would correspond to the higher numbers combined in this investiga- 
tion. Such levels, however, could be derived from the progressions of 
Lotmar’s fluorescence bands : the small amount of coupling, too, between 
¥1' and v," (m," and v," in Lotmar’s numbering) is in gcKxl agreement 
with Lotmar's experience. It seems, however, that the exclusive pre- 
ference of these levels must be ascribed to the special conditions of the high 
frequency discharge. The absence of any transitions including a change in 
vg seems to be another characteristic feature of this discharge. 

Summary, 

An electrodeless discharge of a strong blue colour passed through SOg 
along the walls of a quartz tube through which a spectrogram was taken. 
Between 2443 a.nd 2120 A. the heads of fifty-nine bands were measured, 
of which forty-nine coincided with bands known to belong to SO,. Nei^er 
these nor the remaining ten could be added to the known system of SO 
bands, so that there is no evidence of any emission bands beyond its es- 
tablished limit of predissociation. All the bands are consistent with the 
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known band system of SOg in emission, and a special scheme has been sug^* 
gested where the vibrational levels of the ground state are combined of 
higher numbers of vi and v,. 

The experimental part of this work was done at the Astrophysics 
Department of the Imperial College in London. The author desires to 
thank Professor G. P. Thomson and Professor H. Dingle for their hos- 
pitality. She is specially indebted to Dr. R. Pearse for his helpful and 
constructive criticism then and afterwards. Many thanks are further 
due to Hof rat Professor Mache of the Physikalisches InstittU der Tech- 
nischen Hochschide in Vienna for kindly allowing the use of his com- 
parator. Finally, the author wishes to thank the American Association 
of University Women for the International Fellowship of this academic 
year which enabled her to carry out this investigation. 

Vienna, L Chemisches Institul d, VniverHUU, 


NOTE ON THE MECHANISM OF CATALYTIC 
INTERCHANGE OF HYDROGEN WITH WATER 
AND ALCOHOL. 

By Juro Horiuti and Go Okamoto. 

Received $oth July, 1936. 

The authors have observed previously ^ that a nickel sheet operates 
as a reversible hydrogen electrode at 50°C. The main points of their 
observation with this hydrogen electrode are as follows : 

(1) The rate of interchange of hydrogen with the solution at varying 
electrode potential over a range of a few tenths of a volt, remains constant 
within a factor i to 2. 

(2) When the hydrogen electrode in the reversible state is positively 
polarised, the initi^ current decreases gradually, tending to a definite 
value. When, further, the polarisation of the electrode in the steady state 
is decreased, the small initial current increases gradually, tending again 
to a definite value. This final steady current, can be reproduced by 
arranging the partial pressure oi hydrogen and the polarisation. 

Assuming that these processes • take place in two steps, 

Me 4 - iH, = Me - H . . . . (i) 

Me - H + H ,0 « Me- + H,0 . . . (2) 

it was concluded that the rate determining step is the first one, i.e, atom* 
isation of hydrogen molecule on the metal. The second step is the ion- 
isation of atoms. The argument which leads to this conclusion will be 
briefly reproduced here. 

Electrode potential changes only the rate of ionisation. Assuming 
that the bond Me — H is homopolar, the first step is not appreciably in- 
fluenced by the electrode potential. If it were pols^ (e.g. Me* — H***) either 
atomisation or ionisation is the rate-determining step. If atomisation, the 
second experimental fact can always be explained while the small variation 


^ Horiuti and Okamoto, Sc. Pap. I.P.C.R,, 1936, 231 

‘Another mechanism was suggested for the electrode process on poor re- 
combination catalysts, such as Hg and Sn. 
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of interchange reaction rate might partly be attributed to the efiEect of the 
influence of the electrostatic held. If ionisation, the concentration of 
Me- — H+ should increase initially on raising the electrode potential, since 
the energy of Me~ — H+ is lowered, and the current should increase initially ; 
this is contrary to experiment. It is highly improbable that the second step 
is the rate determining one and the opposite polarity Me+ — H“ since the 
electron affinities of nickel and hydrogen are 4*9 and 0*7 volts respectively. 
It follows that the observed result (i) can only be explained by adopting 
atomisation as the rate determining step. 

Further if Me — H were in incipient equilibrium with Me 4 - iH*, the 
concentration of Me — H should be constant, independent of polarisation. 
The steady current must be obtained inunediately after polarisation. 
Alternatively, the concentration of Me — H should increase or decrease 
with the rate of ionisation until the new preliminary equilibrium at the 
given polarisation is set up. It follows that the current should initially 
decrease or increase according as the positive polarisation is raised or 
lowered. The two experimental facts can be thus only accounted for by 
assuming the atomisation as the rate determining step. 

Following the program announced in the previous paper ^ the writers 
have calculated the theoretically absolute values of anodic and cathodic 
currents, interchange reaction rates and isotopic separation factor ; 
they are in fair agreement with the experimental results, the concluded 
rate determining step and the homopolar bond Ni — H being assumed 
as the basis of the calculation.^ Moreover Tafel’s empirical relation as 
to the overvoltage could be derived. 

The question as to the rate determining step for the electrode 
process seems to have been thus settled, so far at least as nickel metal is 
concerned. 

The authors do not feel fully justified, however, in extending the 
conclusion to the case of platinum. In the work of Hirota and onb of us 
which will soon be published, it is shown that the interchange rate of 
hydrogen with water in the presence of platinum is lo® times greater 
than in the case of nickel for the same apparent area of catalyst. This 
difference corresponds to the activation energy of 7 K cal., if the tem- 
perature independent factor remains approximately the same in both 
cases. In another work of Hirota, the activation energy of the inter- 
change reaction on nickel was determined as 13 K cal. The activation 
energy with platinum should accordingly be 6 K cal., instead of 10.2 K cal. 
as observed by Polanyi in conjuction with one of us* This is, of course, 
a very crude estimate, but some doubt persists w’^hether the rate deter- 
mining step is really the atomisation in the case of platinum tOQ;. Further 
complication is to be expected, if the rates of both steps are comparable 
for, according to the theory of Volmer ® and Frumkin • as extended by 
Polanyi in conjuction with one of us,’ the height of the potential barrier 
for ionisation varies with the electrode potential and, consequently, 
with the nature and acidity of the solution. It is, therefore, conceivable 
in this case that either of the two steps alternately governs the rate. 

More recently Eiey and Polanyi have conducted extensive experi- 
ments on the para-artho conversion of hydrogen together with that on 
the interchange rate of hydrogen with water and alcohol in the presence 

*G. Okamoto, J. Horiuti and K. Hirota, Sc. Pap. I.P.C.R., Tokio, 1936, 19* 

* J. Horiuti and M. Polanyi, Trans. Manchester Lit. Phil. Soc., 1933-34. 7 ®* 47. 

» Erdey-Grua and Volmer, Z. physih. Chem., A, 1930, 150, 209. 

* Frumkin, ibid., A, 1932, l6l» 53. 

» Horiuti and Polanyi, Acta Pkysicvchim., U.S.S.P., 1935, 505. 

51 ^ 
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of platinum bjack,® They found (i) the first order rate of the spin 
conversion is 2 to 3 times greater than that for the isotopic replace* 
ment in most of their cases, although approximately equal is some 
cases. (2) Both the rates are faster in acid solution than in alkaline. 
The difference is most pronounced in the case of alcohol : addition of 
alkali reduces the rate by a factor 4. 

Eley and Polanyi conclude provisionally from these results that the 
rate determining step is the atomisation of hydrogen molecules in ac- 
cordance with our previous conclusion for nickel.^ In order to account 
for the second result Eley and Polanyi assume that the rate of atomi- 
sation is influenced by the electrode potential, the product of splitting 
being strongly polar. 

We will now consider here some possible alternatives which also fit 
their experimental results. 

Admitting the suggested polarity of the product of atomisation, the 
observed parallelism between and k^, would equally follow, whether 
it is atomisation or the ionisation which governs the rate, since the rate 
of atomisation would then vary, along with the ionisation, with variation 
in the electrode potential. Atomisation as the rate determining step 
is no more conclusive. If the ionisation is slower, however, must 

be greater than in the opposite case. By poisoning the catalyst, i.e. by 
reducing the rate of the atomisation kpfk^ must be lowered, as is seen 
from their results. 

Assuming on the other hand the homopolar bond Pi — H, it is pos- 
sible that it is the atomisation which governs the rate. It remains now 
to explain the observed effect of acidity. It is possible that this rather 
small effect is due to poisoning ; it is well known that the poisoned 
platinum catalyst may be reactivated by oxygen. Eley and Polanyi 
attribute the sudden increa.se of catalytic activity observed in the course 
of their experiment to the admission of air. In the operation of changing 
the solution from acidic to alkaline the catalyst must be brought in 
contact with air-containing liquid. Deactivation by the poison con- 
tained in alkali and subsequent reactivation by air might possibly be 
the cause of the observed “ reversibility.** To clear the matter up, it 
is desirable to perform experiments with solutions previously depoisoned 
by keeping them for some time in contact with platinum catalyst, as 
has been done by Volmer and Wick.® 

Chemical Department^ 

Faculty of Science^ 

Hokkaido Imperial University^ 

Sapporo^ Japan. 

• Eley and Polanyi, Catalytic Interchange of Hydrogen with Water and AlcdkoL 
Tins vol. p. 1388. 

•Volmer and Wick, Z, physik. Chent., A, 1935. vpk^ 429. 



THE CATALYTIC ACTION OF HYDROGEN ON THE 
CARBON MONOXIDE FLAME* 

By Henry James Walls. 

Received 6th August, 1936. 

The mechanism of the reactions occurring in the carbon monoxide 
flame is still far from clear. But in most of the various schemes of re- 
action which have been put forward, the processes, once the flame has 
been started, are assumed to be mainly homogeneous. The facts 
presented below, however, suggest that the nature of the walls has a 
considerable influence on the course of the reaction. Garner and his 
co-workers have established ^ that when the infra-red radiation 
emitted from the explosion of a carbon monoxide-oxygen mixture con- 
taining hydrogen is plotted against the initial pressure of the gas, a 
“ step or discontinuity in the curve occurs, indicating a sudden change 
at a given pressure in the amount of radiation emitted. The pressure at 
which this step occurs is connected with the partial pressure of hydrogen 
in the mixture by the equation * 

(P. X Ph. + o-oi 8/>.)/3-28 = I . . (i) 

where p, is the pressure at the step, and pHt the pressure of hydrogen 
for which the step occurs at p^. 

It is noteworthy that p, is hardly affected by the nature of the 
material composing the vessel in which the combustion takes place, and 
that it is increased by the addition of carbon dioxide, chlorine, or bromine 
to the explosive mixture,^* ^ while it is unaffected by a 33 per cent, 
increase in the concentrations of either carbon monoxide or oxygen.* 

Gamer and Pollard * have discussed two possible explanations for the 
existence of this step, viz., 

(a) that the step represents a lower limit for the propagation of a 
hydrogen flame in a carbon monoxide-oxygen mixture, or 

(fr) that the step is the pressure at wdiich two mechanisms of com- 
bustion (presumably involving, and not involving hydrogen, respectively ; 
the latter case may be either an oxygen atom or a thermal chain ; see e.g., 
Alyea *) produce flames travelling at equal speeds. The authors decide 
that {b) is the most probable explanation. 

The newer theories of explosion, however, largely developed by 
Semenoff and his school, provide us with a method for settling this 
question definitely. For an explosive g<iseous mixture the lower limit of 
ignition is connected with the temperature by the equation • 

\og p = + B . . . (2) 

* Gamer and Hall. 1930, 2037. 

• Gamer, Hall and Harvey, 1931, 641. 

• Bawn and Gamer, J.C.S., 1932, 129. 

* Gamer and Bollard /.C. 5 .. 1935, 144. 

• Alyea, Amer, C,S.\ 1931, 53, 1324. 

* Semenofi, Chemical Kinetics aied Chain Reactions, p. 83. 
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where A and B are constants. It is obvious that if hypothesis (a) is 
correct, if the step represents a definite lower ignition limit, the 
step must move to lower pressures as the temperature increases ; con- 
versely, if increase of temperature raises p, (a) cannot be correct, and 
(b) is then the most probable explanation. This question was tested 
experimentally, and it was found that rises with temperature. 

Experimental. 

The apparatus was similar to that used by Garner and Roffey for 
measuring the radiation from gaseous explosions.’ The purified, mixed 
and dried gases were exploded in a quartz bomb, about 30 cm. long and 
2 cm. diameter, by the fusion of a small piece of very fine platinum wire. 
The radiation was received on a quick -acting linear thermopile, which was 
connected to a Downing galvanometer, and the deflections were recorded 
photographically on a rotating drum. 

The iron gas-holder used in Garner and Roffey 's apparatus was sus- 
pected of not being quite hydrogen-tight, and it was replaced by a five- 
litre glass bottle ; when the pressure in this fell below that required in the 
bomb, the arrangement of the apparatus permitted the gas to be pumped 
into the drying-tubes by means of the large gas-burette C (he, Fig. i). 



The number of PjO* tubes was reduced from five to three, and a liquid-air 
trap was inserted between them and the bomb. As no difference in the 
results could be detected whether the liquid-air trap was used or not, for 
the majority of the experiments only the three P,Oj tubes were used for 
diying the gas. The PjO# had been redistilled in a current of oxygen to 
remove lower oxides of phosphorus. 

The quartz bomb was enclosed in an electric furnace capable of giving 
any temperature up to 600® C. (i.e,, the approximate ignition temperature 
at the pressures used of the mixture 2CO -+• Og). The bomb was held in 
position in the furnace by means of two stainless steel rings connected by 
a spacing-rod about 10 cm. shorter than the bomb, an arrangement which 
allowed the bomb to be removed and replaced easily. The temperature 
inside the furnace, which was measured by means of a platinum-iridium 
thermocouple and a Cambridge Instrument Co. calibrated galvanometer, 
was constant along the length of the furnace to within 2® C. 

A cylindrical copper vessel, through which water could be passed, 
about 30 cm. diameter and 3 cm. long, was mounted between the furnace 
and the thermopile to absorb as much as possible of the heat from the 
furnace ; there was a central aperture of about 8 mm. diameter for the 
passage of the radiation from the bomb. Even with this arrangement, the 

’ Gamer and Roffey, /.C.S„ 1929, 1123. 
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radiation from the hot furnace produced a potential in the thermopile 
greater than the apparatus could record, and much greater than Aat 
produced by the radiation from an explosion. This was overcome by the 
application, by means of an accumulator and a resistance-box, of a counter- 
potential across the thermopile such that the zero position of the light on 
the recording drum was as nearly as possible that of the undeflect^ gal- 
vanometer. This meant that the potential applied to the galvanometer 
was zero before explosion, and hence that the deflections were proportional 
to the amount of radiation, as with the cold gas. 

The first experiments were done with a new quartz bomb, but after all 
the preliminary adjustments had been made, a trivial matter of convenience 
decided that the first series of measurements should be made at a high 
temp>erature (190® C.). There seemed to be no a priori reason for tibe 
temperatures at which the measurements were made following any par- 
ticular order, and it was hence very surprising to find that after the series 
at 190® had been done the normal " cold ** pressure-radiation curves could 
no longer be obtained. Washing out the bomb with dilute hydrofluoric 
acid to remove the surface layers did not restore the conditions to normal. 
A fresh start was therefore made, using a different bomb. This bomb was 
one which had been used by Dr, Pollard for gases containing nitrogen per- 
oxide, chlorine, bromine, and iodine, and had given satisfactory curves 
throughout : it had not previously been heated above room temperature. 
A series of seven runs was then made with the bomb, starting and ending 
with two at room temperature and including three at three different elevated 
temperatures each sandwiched in between two at room temperature, 
t.e., the temperatures for the seven runs were, in order, 24®, 70®, 22®, 109®, 
24 • 5 ^ 174-5^ 24®. 

The results of these experiments are shown in the Fig. Only the curves 
for the first five series are shown, as no further new features appear in the 
last two. In every case a mixture containing 0*309 per cent, of hydrogen 
was used. In drawing the curves, the measured radiation is corrected to 
that for an equal mass of radiating gas in each case, i.c., it is corrected to 
a gas temperature of 25®, and to 100 per cent, combustion. A correction 
was also applied for small variations (of the order of 0*5 per cent.) in the 
sensitivity of the galvanometer. 

Discussion. 

Curve 1 is the original curve at room temperature, and is quite 
normal. The step occurs at 29*4 cm. ; 0-309 per cent, of hydrogen 
corresponds to a partial pressure of 0*091 cm. Substituting 29-4 for 
in equation (l), we get a value of 0-094 cm. for the partial pressure of 
hydrogen. 

The effect of raising the temperature of the gas is to increase the 
pressure at which the step occurs (curves 2 and 4), This proves that of 
the two hypotheses proposed to account for the step, that of its being a 
lower ignition limit cannot be correct, so that the only apparent possible 
alternative explanation, that it is a pressure at which the tw^o mechanisms 
are equally rapid, is almost certainly the true one. 

This increase in p, on heating the explosive mixture is precisely the 
effect which a reduction in the pressure of hydrogen would produce. 
However, the hypothesis of a more rapid removal of hydrogen by the 
heated walls can hardly be reconciled with the finding of Gamer, Hall, 
and Har\xy,® that is unaffected by changes in the diameter of .the 
bomb, which seems to show that a wall effect is not one of the factors 
determining />,. One possible explanation of these apparently conflicting 
facts is discussed below ; another is that the temperature coefficient of 
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the mechanism operating below the step (mechanism I.) is greater than 
that of the mechanism operating above the step (mechanism II.). As 
suggested above, mechanism I. is probably either an oxygen atom chain 
or a thermal chain, while II. is almost certainly a hydrogen atom chain. 
Kistiakowsky and Jackson have found that in the case of the photo- 
chemical oxidation of carbon monoxide, the rate is independent of 
temperature in the dry mixture — i.e., the temperature coefficient is zero 
where hydrogen atom chains cannot occur — while the reaction in the 
presence of water vapour has a positive temperature coefficient which 
increases slightly with the temperature.®* *» 

Apart from the effect of the temperature on />„ however, there are 
some unexpected features in the results. These are : 

(1) The invariance under all conditions of the curves below the step. 

(2) The fact that heating the bomb under a high vacuum * produces 
changes in the curves subsequently obtained at room temperature, the 
extent of the change depending roughly on the degree of the preceding 
heating. The step becomes more diffuse, but remains at about the same 
pressure and of the same order of magnitude (curves 3 and 5). At the 
same time, the results at the pressures above the step become erratic. 

(3) The fact that the radiation above the step increases as the tem- 
perature of the explosive mixture is raised. Thus, at 45 cm. pressure 
the radiation is increased by 50 per cent, on raising the temperature from 
24® to 109® (curves i and 4). This proce.ss causes the step to disappear, 
and at 109® and 174-5® only rather doubtful points of inflexion remain. 

(4) The effects on the percentage combustion. (This was calculated 
for every explosion from the drop in pressure on re-opening after explosion 

the tap between the 
bomb and the mano- 
meter.) The values ob- 
tained tended to rise for 
the explosions done at 
the higher temperatures, 
and to fall again for the 
explosions done at room 
temperatures after the 
bomb had been heated. 
Some figures for this are 
given in the table op- 
posite. 

In the case of three series done at elevated temperatures (2, 4, 6), there 
was also a noticeable tendency for the percentage combustion figures to 
show a large deviation from the mean in the early explosions of each series, 
and only to settle down to a fairly steady value after eight to ten explo- 
sions. The percentage combustion varied a little with the pressure, but not 
much between 25 and 45 cm., and the explosions at the different pressures 
were done in a random order. The figures for pressures below 25 cm. 
are in error by an unknown amount, since at low pressures the flame was 

■ Kistiakowsky, Proc, Nat, Acad. Sci., 1929, 15, 194. 

• Jackson and Kistiakowsky, /. A met. C.S., 1930, 3471. 

Jackson, /. Amer, C.S., 1934, 2631, 

* ^fore doing a series of measurements at a raised temperature, the bomb 
was always evacuated for at least twelve hours while the furnace was on. The 
final vacuum was always of the order of 10 -• mm. or better, and the evacuation 
was continued till the increase in pressure over half-an-hour, with the pumps 
shut off, was negligible. 


Seriei. 

Temperature 

rc). 

Average Percentage 

Combustion. 

1 

24 

94*5 (normal for " cold 
explosions) . 

2 

70 

96 

3 

22 

88 

4 

109 

90*5 

5 

24-5 

87.5 

6 

174*5 

94 

7 

24 

92 
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usually extinguished in the narrow tube leading to the tap. Also, since 
this tube necessarily projected from the furnace, the gas in the bomb- 
space was not evenly heated throughout, and although the exact tem- 
perature distribution was thus unknown, the percentage combustion at 
the elevated temperatures was calculated assuming a temperature dis- 
continuity — room temperature to furnace temperature — at the tap by 
which the gas was admitted to the bomb. To allow, however, for a 
temperature gradient would tend to increase, if anything, the percentage 
combustion figures at the higher temperatures, and hence also the 
differences shown in the table. 

These results show that we must distinguish the changes in the 
reaction occurring at a raised temperature, and those appearing after 
the reaction vessel has been heated, i and 2 show that while mechan- 
ism I. is unaffected either by the heating of the walls of the vessel or 
by any subsequent effects, II. is apparently affected by both to a 
marked degree. The only explanation for this is that the nature of 
the. surface has been changed, even by so small a rise of temperature as 
50®. If it has been rendered in some way unstable, then the step, which 
represents a delicate equilibrium between the two mechanisms, will 
cease to be a definite pressure and will become instead a region of pressure 
throughout w'hich each explosion can leave the surface in a condition to 
favour either of the two mechanisms. It is clear that changes in the 
surface could lead to the partial removal of some chain carrier, favouring 
one mechanism at the expense of the other. Garner and Pollard * have 
suggested that when the flame is slowed down, e.g,^ by the presence of 
chlorine or bromine, the surface, by removing the hydrogen atoms con- 
cerned in mechanism II., can affect the completeness of the combustion. 
A similar explanation could be applied to the results obtained on and 
after heating, were it not for the objection w’hich arises above, that p, 
is unaffected by changes in the diameter of the bomb, indicating that 
the occurrence of one combustion mechanism rather than the other is not 
determined by the w^alls directly. This difficulty vanishes if we assume, 
firstly, that the w'alls are normally in such a state (possibly covered with 
a monomolecular layer of gas) that they cannot, during the rapid passage 
of a normal flame, adsorb sufficient hydrogen atoms or other chain 
carriers to affect appreciably the course of the reaction; and secondly, 
that this condition is removed by heating. This, if true, would provide 
also an alternative explanation to the one offered above of the positive 
temperature coefficient of />,. Steiner has shown that adsorbed 
water poisons a ghoss surface for the heterogeneous recombination of 
hydrogen atoms ; so it is possible that chemically bound water and other 
, impurities are desorbed from the quartz on heating, thus rendering the 
surface more effective for the removal of hydrogen atoms. Hence the 
fact, noted under (4), that the percentage combustion figures tend to 
become less erratic with time, may be explained by a reconditioning of 
the surface by the adsorption of water, and possibly other substances, 
after a number of explosions.* The values obtained for the radiation 
emitted, however, showed no tendency to lie closer to a mean curve 
after a number of explosions had been done ; and there was no apparent 
connection between large deviations of percentage combustion figures on 
the one hand, and of amounts of radiation on the other. 

♦ Coslett and Gamer,** investigating lovr pressure CO — O* flames in quartz 
vessels, found that the percentage combustion depended on the state of the siurface. 

** Steiner, Z. physih, C^m., Bodenstein Fesiband, 193^. 817. 

*• Steiner, Trans. Faraday Soc.. i 935 » 3 ** 9t>2. 
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If the above suggestion concerning the state of the surface is correct, 
then on raising the temperature />, should no longer remain independent 
of the diameter of the bomb. 

The effects noted in (3) concern the radiation emitted. Bawn and 
Gamer® found that the amount of radiation emitted above the step 
depended on the nature of the surface of the vessel, although this had 
little effect on The radiation is emitted not only from the flame 
front, but also from the gases behind, and hence it is more likely to be 
affected by the nature of the surface than the reaction mechanism in the 
flame front. The temperature coefficient of the radiation from 
mechanism 11 . is therefore probably a surface effect. The amount of 
radiation emitted from flames containing little or no hydrogen 
(mechanism I.) is very great, amounting to nearly 25 per cent, of the 
total heat of reaction.^® Garner and Johnson have suggested that 
this high emission is due mainly to chemiluminescence of the freshly 
formed products, and that on the introduction of hydrogen one of its 
effects is to deactivate the freshly formed carbon dioxide molecules 
before they can emit radiation, i.e., it converts their vibrational energy 
into kinetic energy. This suggestion is supported by the work of Eucken 
and Becher on the conversion of translational energy of carbon dioxide 
molecules into vibrational energy. This process is slow for the pure gas, 
but rapid in the presence of hydrogen or water. The reverse process, 
vibrational to translational energy, is affected in a like manner. There- 
fore the increase in the radiant energy emitted by mechanism II. at 
elevated temperatures could be explained if the deactivation of the 
newly formed carbon dioxide molecules was less effective at these tem- 
peratures. This would mean either that collisions involving carbon 
dioxide were less effective or that the concentration of the deactivator 
or deactivators was lower. If hydrogen atoms were the deactivating 
agent, then their removal by the walls would account for the results 
obtained. This explanation, however, cannot be other than tentative, 
as the true cause of the reduction in the radiation emitted on passing 
from mechanisms I. to II. is still uncertain. 

There seems to be no object in adding here to the already voluminous 
body of discussion on the actual atomic and molecular mechanisms of the 
carbon monoxide-oxygen explosion. 


Summary. 

There has been investigated the effect on the radiation emitted on 
explosion of raising the initial temperature of afaCO + O,) mixture 
containing about 0*3 per cent, of hydrogen. It is shown (1) that heating 
the explosive mixture raises the pressure at which the step in the 
pressure-radiation curve appears, from which the step cannot be a 
lower ignition limit, and is almost certainly the pressure at which two 
reaction mechanisms for the flame are equally rapid, and for which two 
alternative explanations are suggested ; and (2) that heating the quartz 
tube in which the explosion takes place by as little as 50® produces clmnges 
in the surface which make the step diffuse. These wall effects are discuss^, 
and are ascribed to the removal of atoms by the walls. 

1 ! Gamer, Trans, Faraday Soc., 1930, 26, 190. 

Hall and Tawada, Trans. Fasraday Soc., 1930, a6, 600. 

Garner and Johnson, T.C.S., 1928, 280. 

Eucken and Becher, Z, physik, Ckem, B, 1933, so, 467. 
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THE EFFECT OF TEMPERATURE ON THE AB- 
SORPTION OF RESONANCE RADIATION BY 
SODIUM ATOMS. 

By James L. Tuck and Ernest Warhurst. 

Received 27th July, 1936. 

The absorption of resonance radiation by sodium atoms has been used 
by Frommer and Polanyi ^ and by Fairbrother and Warhurst,* as a means 
of estimating the number of sodium atoms in a given reaction system. 
In these estimations it has always been assumed that the absorption for 
a particular radiation was a function of the sodium atom density only. 
The relationships between the absorption and the number of atoms for 
various light sources have been published previously (Frommer and 
Polanyi,^ Fairbrother and Warhurst,* Fairbrother and Tuck.*»* These 
absorption curves have all been determined by measuring the absorption 
in a cell containing sodium in equilibrium with its vapour, both at the 
same temperature. Hence each point on such curves was taken at a 
different temperature. 

As an addition to the above-mentioned work, the results of some 
experiments on the variation of absorption with temperature at constant 
atom density are given below. 

Experimental. 

The experimental arrangement was exactly as for the measurements"of 
Fairbrother and Tuck,* except for 
an alteration to the absorption 
cdl. This consisted of the same 
cell but with the addition of a side- 
ann projecting from the body of 
the cell (see Fig. i). The tem- 
perature of the main body of the 
Odl could be varied while the side- 
arm was maintained at constant 
temperature. 

Difficulties were encountered 
in early experiments owing to the 
long time for attainment of equilibrium betw^een the sodium in the side-arm 

• Frommer and Polanyi, Trans. Faraday Soc.» 1934. $19* 

• Fairbrother and Warhurst, ibid., i935» 3*f 987- 

• Fairbrother and Tuck, ibid., 520, * Ibid., 1936. 32, 624. 
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and the vapour in the main body. This was traced to the presence of resi* 
dual gas. The difficulty of obtaining sodium free from residual gas is well 
known, and was overcome by evacuating and outgassing the cell very 
carefully, the sodium being outgassed by the technique given in the paper 
of Fairbrother and Tuck.* A diagram of the cell and heating arrangements 
is shown in Fig. i. The main body of the cell, which had plane ends 
4*65 cms. apart, was heated in an air-oven Z. The temperature of the cell 
was taken by two thermometers whose bulbs touched ^e cell wall. The 
side-arm was encased in copper foil covered with asbestos paper, over 
which was wound the heater. AB represents a narrow pyrex tube bound 
to the side-arm under the copper sheath. By introducing a thermocouple 
down this tube, the temperature distribution along the side-arm could be 
explored. For proper control of the sodium and to prevent the higher 
temperature of C from affecting that of the sodium, the heating of the side- 
arm was divided into three sections, EF, GH, and HF, the copper sheath 
underneath being similarly divided. 

In an exi>eriment, the main body of the cell C and the sections EF and 
GH were heated to 300° C. and KL kept cold. These conditions were 

maintained for 
several hours, 
when GH was 
cooled ; the ab- 
sorption was 
found to be in- 
dependent of the 
temperature of 
EF and the main 
body of the cell. 
This method of 
working avoided 
error due to 
sodium condens- 
ing in zones of 
intermediate tem- 
perature giving 
false readings of 
vapour pressure 
as well as taking 
a great deal of 
time for attain- 
^ ment of equili- 

Cell Temp, m C * brium. The read- 

ings of the pho- 

tronic cell and photoelectric photometer when GH was cold gave the in- 
tensities of the incident and transmitted beams respectively and constituted 
an initial blank.* 

The side-arm was then adjusted to a uniform constant temperature 
giving a suitable molar concentration, and the absorption measured for 
difEerent temperatures of C, time being allowed between each measure- 
ment till a steady state was reached. At the end of an experiment KL 
was cooled and all the sodium distilled into it, as described above. A 
second blank was then taken which agreed with the first within experi- 
mental error. 

The difierence in temperature between the side-arm and the body of 
the cell introduces a small change in molar concentration in the main body 
with change of temperature due to the Knudsen effect. This change was 
corrected for by assuming the absorption to be proportional to the molar 
concentrations. This assumption is justified since at the low concentration 
used in these experiments the curve of absorption against atoms per cm.* 
in the beam is almost linear (see Fairbrother and Tuck).* 
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The results are shown graphically in Fig. 2. Percentage absorption is 
plotted against temperature of the absorbing vapour. The points marked 
© and A correspond to different experiments. The point marked 0 is 
taken from the results of Fairbrother and Tuck * and corresponds in our 
experiments to the cell and side-arm, being at the same temperature. 
Such a determination would have been difficult in these experiments, as no 
particular precautions were taken to prevent the condensation of sodium 
on the plane windows of the cell. 

The results show that within experimental error the absorption of a 
constant number of moles decreases linearly with temperature between 
140® C. and 320® C. It is to be understood that the above straight line 
may not be extrapolated to higher temperatures, since it is obvious that it 
must be asymptotic to the temperature axis. 

The implications of this absorption change, in determinations of velocity 
constants and activation energies of reactions, by methods in which the 
number of atoms in a reaction zone (“ Flame ") is estimated from the ab- 
sorption, are evident. 

Hitherto the absorption by the sodium atoms in a flame has been 
measured at a flame temperature ranging from 200® to 300° and referred to an 
absorption curve taken at iio®-i8o° C. In the new method suggested by 
Polanyi and communicated in the paper of Fairbrother and Tuck,* future 
flame work involves the estimation of the number of atoms in a flame by 
measuring its total absorption. This necessitates using small maximum 
densities in the flame in order to confine the determinations to the linear 
part of the absorption curve. The above experiments are for densities in 
this region and thus provide all the data required for the correction of the 
linear parts of the curve to any flame temperature up to 320® C. Every point 
on the straight line (Fig. 2) gives the absorption of 2*37 x 10-^ ‘moles /cm.* 
at a particular temperature, and since all absorption isotherms are assumed 
to be linear at this density, this absorption determines the slope of the 
absorption curve at the particular temperature. The total absorption of a 
flame at this temperature will hence give directly the number of atoms in it. 

A tentative correction may be made of the reaction velocity constants 
obtained by the old absorp- 
tion curves (Fairbrother and Te.mperature : 244° C. 

Warhurst).* Since absorp- 
tion isotherms must all pass 
through the point Z,//* = i 
for AT = o and approach 
/,//p = o for large AT, a 
method of correcting absorp- 
tion curves over a big range 
of absorption may be de- 
duced by applying a cor- 
rection to log Zf/Zo. This method assumes that ^ ^ 

equal to the experimentally determined ratio at Ti and T , for a small N, 

Taking the reaction velocity constants published by Fairbrother and 
Warhurst • and correcting in the above manner, the results are obtained 
(see table). 

The above figures include a minor correction for the effect of reaction 
vessel temperature on the carrier gas flow. It is to be emphasized that the 
absorption correction is of an approximate nature. The constants may be 
regarded as better approximations to the true velocity constants. 

Our best thanks are due to Professor M. Polanyi for his interest in 
this work and to Dr. Fairbrother for much help and encouragement. 
We also wish to thank the Department of Scientific and Industrial 
Research for grants and the Imperial Chemical Industries Ltd. for grants 
towards the purchase of apparatus. 
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Whilst the facts of chemical reaction in electric discharges show that 
there is a close connection between the rate of reaction and the electrical 
conductivity of the gas, there is considerable difference of opinion about 
the nature of the relationship.^ So many previously obscure aspects of 
the conductivity have been elucidated during the last thirteen years * 
that it now seems profitable to reconsider the problem of this relationship. 

The aim of this paper is to show that a statistical treatment of the 
electron collision processes of the first kind which occur in discharges leads 
to expressions for the rate of electron collision, and for some other 
derived quantities, from which it is clear that all these quantities have 
properties in common with their experimentally determined analogues 
describing reaction in discharges. If, therefore, such collisions can be 
shown to constitute the rate determining step in the whole mechanism 
by which the reaction occurs, quantitative explanation is at once available 
for the kinetics of discharge reaction. A detailed discussion of individual 
reactions, which will be given elsewhere, shows that it is usually possible 
to find a mechanism satisfying these conditions, and that the most fre* 
quently occurring case is that in which the first step of the mechanism 
is a collision between a reactant molecule unaffected by the discharge 
and a neutral product of an electron collision with such a molecule. 

We consider here the cold cathode glow discharge only * ; its chemistry 
and physics have been widely investigated, and other discharge forms are 
readily related to it. There are two zones only in this form of discharge 
in which much reaction is known to occur, the negative glow and the 
positive column (the abbreviations N.G. and P.C. will be used for these). 
The two experimentally determinable quantities of most interest in 
connection with the kinetics of discharge reaction are called the current 
and energy efficiencies ; these express the rate of reaction in terms of the 

' Berthelot, Essai de Mec^nique Chimique, Paris, 1879, 9 ; Stark, Elekiriiiidt in 
Gasen, Leipzig, 1902 ; L6b, ElectrochemU d. organischen Verbindungen, Halle, 
1905 ; Kirkby, Phil, Mag,, 1904, 7, 223 ; 1905, 9, 171 ; 1907, 13, 289; Free, 
Roy. Soc., A/igii, 85, 151 ; Tiede and Richter, Handbnch d. Arbeitsmethoden d. 
Anorganischen Chemie, a, part ii. ; Warburg, Handbuch d. Experimental Physik, 
17 ; Guntherschulze, Z. Elektrochem,, 1924, 30, 637 ; Finch and others, Proc. 
Roy, Soc., A, 1926, III, 257; 1927, 116, 529; 1929, 194 , 303; 1929, 195, 
532 ; 1930. 129 » 656 ; 1931, 133, 173 ; 1934, * 43 » 4 ^^^ I J C.S., 1935 * 3 ^ ; Lind 
and others, Trans. Am. Elec. Cheni. Soc., 1927, 37 ; J.A.C.S., 1928, 50, 1767 ; 

1929 » 5 L 2811, 365 ; 1930, 59, 4450 ; Trans. Am. Elec. Chem, Soc., 59, 159. 165 ; 
Brewer and others, J, Physic. Chem., 1929, 33 * S83 ; 1930, 34, 153. 554. 1280, 
2343 : 1931. 35. 1281, 1293 ; J932, 36, 2133, 2395 ; 1933. 37. 889, 897 : 1935. 
38, 889, 1051 ; Willey, Trans. Faraday Soc., 1934, 3 ®. 230. 

* Darrow, Electrical Phenomena in Gases, Baltimore, 1932 ; Druyvcatcyn, 
Physica, 1931, 11, 9. 

* Cases in which the current is used mainly for beating the reactants are not 
considered in this paper. 
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current carried by the discharge and of the energy supplied to maintain 
it. The principal characteristics of these efficiencies are as follows. In 
a given system of reactants the magnitude of either referred to a par- 
ticular resultant may be widely different in the N.G. and the P.C. Their 
temperature coefficients are usually very small, and their absolute 
magnitudes may be considerable in systems where a purely thermal 
reaction is most unlikely and when the vessel containing the discharge is 
refrigerated to — 180°. Their pressure coefficients are usually very 
small in the N.G., but may be considerable in the P.C. Their variation 
with the current density is also very small. Lastly, in a given system 
of reactants, the products of a discharge may be very different from those 
of the purely thermal reaction. 

1. The Current and Energy Efficiencies of Discharge 

Reactions. 

Although these quantities have been used frequently in describing 
discharge reactions, it is convenient to restate their definitions, which 
are slightly different in the N.G. and P.C. because of the physical 
differences between these zones. For simplicity we consider the usual 
case of reaction in a cold cathode glow discharge maintained between 
parallel electrodes in a cylindrical tube of cross-section A cm.* and in 
which the P.C. occupies a length L cm. The relevant quantities experi- 
mentally measurable are : — 

r the total current carried by the discharge (as measured in the 
external circuit) in electrons sec.“^ 

Vii the potential difference in volts between the cathode and the N.G. 
Vp the potential difference in volts across the P.C. 

the rate of formation of reaction product in the N.G. in mole- 
cules sec.~^ (the anode is so close to the cathode that the 
P.C. is suppressed). 

R'p the rate of formation of reaction product in the whole discharge 
in molecules sec.”"^ (the anode is so far removed from the 
cathode that a P.C. is present). 

The rate o^ formation of product molecules in the P.C., /?VrP> then 
given * by R\ — In those regions where the current is carried 

exclusively by electrons, the current density, /, then follows as / == VjA, 
In the case of a uniform P.C. the electric field, A', responsible for the 
transport of the current is then given by A = Vp/L, and the volume 
rate of reaction, Rp,p molecules cm,~* scc.""^, is given by 

Rp^P^R^p.p!{A,L). 

In the N.G. the current efficiency, ft,, 2^, is defined as the number of 
product molecules formed per unit charge (i electron) carried by the 
current, or 

= R'p.nII' ; 

the energy efficiency, is likewise defined per unit of energy (i electron- 

volt) supplied to maintain this zone of the discharge, or 

* This expression for p assumes the absence of any specific influence of 
either the anode or the P.C. on reaction in the N.G. 
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In the uniform P.C. the current efficiency, is defined as the 
number of product molecules formed per unit volume and per unit 
current density (i electron cm.“* sec."^), or * 

P,,p = R,.p11==^R’,,pI{L.I'), 

from which it will be seen that is numerically equal to the number 
of product molecules formed per electron of current and per cm. length 
of the P.C.f, that is, per cm. of electron drift. The energy efficiency, 
defined as the number of product molecules formed per electron^ 
volt supplied to maintain this zone of the discharge, or J 

VP.P = ^'p,pI{Vp. /') - Rp.pl{X-l) - Pp^pIX. 


2. Expressions for the Rate of Electron Collision. 

In the plasma * of a discharge the plasma electrons have a distribution 
of velocities almost random in direction with a superposed drift in some 
definite direction which is responsible for the transport of charge, or 
current, measured in the external circuit. At the junction between a 
region of space charge and a plasma, or between plasmas of different 
kinds, the motion of the electrons is more nearly a directed flux with a 
distribution in velocity. 

In the first case, the rate R at which some specified type of collision 
occurs per cm.* per sec. between electrons and some specified type of 
reactant molecule (unchanged by the discharge) is given by * 

R=^k.n,.\.p\Q{V).V^-rf{V).dV . . . (3) 

where A is the fractional concentration of the specified reactant molecules 
in a gas at the total pressure p mm. Hg, the concentration of electrons 
per cm.*, Q{V) the probability cross-section for the specified type of 
collision with the specified reactant for an electron of energy V electron- 
volts, f{V) the electron energy distribution function, and = 1*87 . lo* 
when Q{V) is measured as a multiple of the area of the first Bohr orbit 
in hydrogen (radius = 0*53 . I0~* cm.). In the particular case that the 
current is carried through the plasma by the drift of the plasma elec- 
trons in an electric field X, the collision rate per unit current density, 
P collisions per cm. of electron drift, is given by 

p = RI{n,.W) . . . . (4) 

where W cms.sec."*^ is the drift speed of the electrons, and the collision 
rate per unit of energy supplied to the plasma, t) collisions per electron- 
volt, is given by 

i) = RI{n,.W.X) . . . . ( 5 ) 

In order to obtain the corresponding expressions for a reaction product 
resulting from the initial occurrence of such an electron collision, (3), 

* In the case of a non-uniform P.C. the average value of j, is still given by 
R'^^pKLJ'), although I^p^p may be a function of position. 

f This definition was originally given by Kirkby.* The quantity usually 
given in literature is ^'p^pji' — L . Pp p, which is inconvenient because it de- 
pends on L. 

t In the case of a non-uniform P.C. the average value of rip p is still given by 
R'p^pK^P • although Rj^ p and X may be functions of position. 

* Tonks and Langmuir, Physic, Rev., 1929, 34, 877. 

* Fowler, Statistical Mechanics, Cambridge, 1928. § 17. 
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(4) , and (5), must be multiplied by a factor ^ which denotes the number 
of such product molecules formed per initial electron collision. The 
factors controlling </> are similar to those controlling the quantum yield 
in reactions initiated by the absorption of light together with special 
factors arising only in discharges ; an example of the latter occurs when 
the products of electron collision, or reaction, formed in one zone have 
to pass through another zone before being isolated. It will be shown in 
§ 4 that, when <f> is constant, ^ , jS and ^ . rj may have many properties in 
common with the experimentally determinable quantities, pp^p and Tjp^p. 

In the second general case, at the junction between a region of space 
charge and a plasma, the rate, G, at which some specified type of collision 
occurs between an electron of a flux entering a plasma and some specified 
type of reactant molecule (unchanged by the discharge) is given in 
collisions per sec,, by 

/'.Jp(F)./(J/).dF . . . (6) 

where /i is the current in electrons sec.*"^ carried by the flux into the 
plasma, P(P^) the total number of collisions of the specified kind effected 
by an electron of energy V electron-volts before its energy falls too low 
for it to be able to produce the change in question in the given system of 
reactants, and f(V) is now the electron energy distribution function for 
the flux entering the plasma. If the current across the boundary is 
entirely one of electrons, /i = and the collision rate per unit charge 
carried by the current, in collisions per electron, is given by 

Pt - Gll' ( 7 ) 

and similarly, if is the potential difference necessary to maintain the 
flux into the plasma, the collision rate per unit of energy supplied, in 
collisions per electron-volt, is given by 

r,f=GI{Vy.r) . . . . (8) 

As in the previous case, the corresponding expressions for the reaction 
product resulting from the initial occurrence of the specified type of 
electron collision may be derived 5 y multiplying (6), (7), and (8), by a 
factor ^ defined as before. It will be shown in § 5 that, when ^ is 
constant, . pf and ^ . iy/ have again many properties in common with 
the experimentally determinable quantities for the formation of the 
reaction product, pp^ 2 f 

Concerning expressions (3) and (6), it will be noticed that they relate 
to electron collisions occurring in the gas phase, and therefore, if the 
reactions determining if> are homogeneous, it follows that expressions (4), 

(5) , (7) and (8) relate to homogeneous reactions in discharges. The 
effect of the temperature of the reactants is twofold. Firstly, for given 
absolute concentrations of reactants, p (as defined on p. 1 506) will vary 
with the temperature ; alternatively, if the actual pressure be kept 
constant, R will tend to diminish as the temperature is increased. On 
the other hand, G will not vary with temperature on account of the 
change in the density of the gas because this does not affect P{F). 
Secondly, the temperature determines the population in the rotation^ 
and vibrational states of the reactant molecules, which, in turn, deter- 
mines the effective value of Q{V) and P(V) ; but since the range of 

* Bonboeffer and Harteck« Phoiochemie, Leipzig, 1933, p. 183. 
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temperature concerned in many experiments is both low and small,* 
the population in the higher vibrational states is in any case negligible 
and therefore the values of QiY) and P(K) sensibly constant. Thus, 
provided the pressure and temperature coefficients of ^ are small, so are 
also those of the current and energy efficiencies of reaction as given by 
expressions (4), (5), (7) and (8). 

3. The Chemical Differences between the Positive Column 
and the Negative Glow. 

Since each of these zones is a plasma * the rate of electron collision 
in each may be discussed in terms of expression (3) from which it may 
be seen that the magnitude of R is mainly determined by the magnitude 
of the integral involved. But the magnitude of R in turn determines 
the value of . R ; thus, if the attribution of chemical reaction in 
discharges to electron collisions is correct, the differences in the chemical 
activity of these two zones are to be sought mainly f in terms of the 
corresponding differences in the value of the integral in (3).J 

The magnitude of the integral in (3) is mainly determined by the 
amount of overlap of Q[V) and f{V) considered as functions of V. The 
form of Q{V) is determined by the type of transition involved.§ If the 
transition is allowed optically, Q{V) rises from zero at the critical electron 
energy to a broad maximum at several times the critical energy, there- 
after falling off slowly with further increase in V. If the transition is 
disallowed optically, has a sharp maximum a little above the 

critical energy. In the N.G,, /(V) has a considerable value for V > ca. 
20 electron-volts as well as being large for F < ca. 5 electron-volts. In 
the P.C.,/(F) is usually inconsiderable for F > ca. 10 electron-volts. It 
follows that, in the P.C., reactions initiated by the products of disallowed 
transitions will be relatively more important compared with reactions 
initiated by the products of allowed transitions than they are in the N.G. 
The absolute amount of the former type of reaction may be greater in 
the N.G. than in the P.C. since n, attains its maximum value for a 
given discharge in the N.G. Thus, if in a given system of two reactants, 
the reaction product resulting from the initial occurrence of a disallowed 
transition suffered by one reactant is different from that resulting from the 
initial occurrence of an allowed transition suffered by the other reactant, 

♦ The temperature usually recorded is that of the surroundings oi the vessel 
containing the discharge ; this has been varied from — 180 to about 200® C.' 
The actual temperature of a gas in v^hich a discharge is passing is difficult to 
determine, but in many experiments it probably did not exceed that of the 
surroundings by more than about 100®. 

t It is found on evaluating the integral in (3) for typical cases that its value 
usually has a much greater efiect in determining the magnitude of /? than have 
any differences in w, in the two zones ; and, since in many systems it is unlikely 
that ^ changes much, this result is independent of small variations in this quantity. 

t The differences in chemical activity are thus attributed to the same factors 
that give rise to the differences in the arc spectra in these zones. 

§ Whilst there are numerous data for atomic transitions*, there ore com- 
paratively few for molecular transitions which latter are of the greater importance 
for discharge reaction. The cases of molecular transitions examined experi- 
mentally are found to fall into the same general classifications as do the atomic 
ones, and since this is to be expected on theoretical grounds ’ there is no reason 
to doubt that the similarities between atomic and molecular transitions are not 
geneial. 

* Hanle and Larche, Evgeh. d. Exakt. IVfss., 1931, lo. 

^Massey and Mohr, Pvoc, Roy. Soc., A, 1932, 135, 258 ; Mott and Massey, 
The Theory of Atomic Collisions, Oxford, 1933. 
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the foregoing considerations predict that the first-mentioned reaction 
product will be the principal product in the P.C. and that the two pro- 
ducts will be formed in the N.G., the second predominating in amount : 
these considerations thus afford a possible explanation of the dependence 
of the chemical nature of the product on the zone of the discharge used.* 
Similarly, if allowed transitions alone are responsible for the formation 
of a single product in a given system of reactants, the greater overlap of 
Q{V) and /(K), and the larger value of n„ in the N.G. leads to the pre- 
diction that the absolute amount of reaction f will tend to be greater in 
this zone compared with the P.C. : this at once affords a possible ex- 
planation of the observed differences between the current and energy 
efficiencies in these two zones. 

4, Reaction in the Positive Column. 

The uniform P.C. is a plasma % to which the expressions (3), (4), and 
(5) are applicable. It is nevertheless not possible to predict from these 
expressions with certainty any general rules for the dependence of the 
quantities /?, and on p and X. Furthermore, in considering the 
corresponding (theoretical) quantities for reaction, it may be noticed 
that, even if A is constant, ^ itself may be a function of p, and of the radius 
of the tube in which the discharge occurs, if a significant part of the 
reaction occurs on the walls of the tube, because these quantities will 
determine the rate at which the primary products of electron collision 
will diffuse to the walls. 

Since many discharge reactions appear to be homogeneous §, we 
shall consider this special case and assume in addition that ^ is constant, 
and that A is constant (this being attainable with comparative ease in 

♦ The simplest case known is a system of one reactant, helium. The formation 
of triplet He* molecules as the main product of reaction is detectable in the P.C. : 
the formation of such molecules can arise only as the consequence of the initial 
occurrence of a disallowed transition, since the ground state of helium atoms is 
singlet (the triplet molecule of lowest energy is derived from the combination of 
a i^S with a 2*S atom). In the N.G. the formation of both singlet and triplet 
molecules in comparable amounts is detectable : the formation of singlet mole> 
cules arises as the consequence of the initial occurrence of an allowed transition 
(the lowest stable singlet molecule is derived from the combination of a i^S with 
a 2*S atom, the latter being formed mainly by emission of radiation froih 3*P 
atoms).* 

• EmeWus, Cowan and Brown, Nature, 1931, 127, 593 1 Cowan, Thesis, 

Belfast, 1931 ; Keyston. Phil. Mag., 1933. 11^2 ; Emeleus and Duffendack, 

Physic. Rev., 1933, 44 . 322. 

t In discussing the absolute amount of reaction, it is necessary to bear in 
mind (cf, the definitions in § i) the imjxjrtance of making due allowance for the 
leng^ of the P.C. which may be extended indefinitely by separating the electrodes 
and correspondingly increasing the potential between them. 

} In an actual discharge tube the P.C., itself a plasma, is separated from the 
walls by a thin sheath of space charge • : the thickness of this annulus of space 
charge is negligible compared with the diameter of the P.C., which fills the re- 
mainder of the tube, for the range of pressures and tube diameters which are 
mnerally used for examining reaction in glow discharges. The expressions (3), 
(4), and (5), relate strictly speaking, to the isotropic region forming the main 
bulk of the P.C., but at its boundary by the sheath and by the Faraday dark 
space at its ** head ** the conditions may be different : however, since the volume 
occupied by the boundary regions is (usually) inconsiderable compared with the 
isotropic region, it is a go^ approximation to consider the whole volume enclosed 
by the disch^e tube (over the length of the P.C.) as an isotropic region of 

I There is very little evi^nce for the existence of heterogeneous discharge 
reactions. 
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experiment). From (3) ,(4), and (5) it follows that the current and 
energy efficiencies for the iformation of a single reaction product resulting 
from a single electron collision process may be expressed by 

<f,.p.p-^^k,X.W-KI(V) . . . (4-1) 

and • I{V) . . . (S'l) 

where I[V) is the integral in (3). In the particular case that f{V) does 
noi^change ^h X and p, I{V) may be replaced by another function, 
Ii{V), where V is the average electron energy, because /(F) may then ^ 
replaced by another function /i(F). For very low current densities V 
and W are known, for a given gas, to be functions of Xp"^ only • ; reasons 
for believing that this dependence extends to the higher current densities 
of P.C. discharges have been discussed by Townsend •, and have been 
elaborated recently by Lunt and Meek.^® When V and W depend only 
on Xp'^^ it follows that /^(F) depends on Xp^'^ only, and therefore, when 
A is a constant, that and <f> ,1) are functions of only ; 

moreover when A, Q{V), and the form of the electron energy distribu- 
tion function are known, the absolute values of ^ and may 
be calculated from (4*1) and (5*1) as functions of Xp^^. Since in a 
given gas Xp'"^ depends mainly on p over a wide range of current density 
(for a given diameter of discharge tube), it follows that ^ . j8 and (f > . rj 
will vary with the pressure but be independent of the current density 
over a wide range : expressions (4*1) and (5*1) thus provide a possible 
explanation of experimentally observed properties of the current and 
energy efficiencies in the P.C.* The explanation becomes definite when 
the initial type of electron collision is identified, when it can be shown 
that a reaction mechanism exists in which the initial and rate determining 
step is the reaction between the product (or products) of the particular 
electron collisions and reactant molecules unchanged by the discharge, 
and which is consistent with the postulated constancy of <f>, and when 
it can be shown that the (theoretically) calculated dependence of ^ . Pp''^ 
and ^ . 7/ on Xp'~^ is in quantitative agreement with the experimentally 
observed dependence of Pp,p*p'~^ and rjp^p on Xp~'^, It will be seen 
that even by the introduction of simplifying conditions no general 
conclusion can be reached concerning the identification of the type of 
electron collision the product of which initiates reaction : it is necessary 
to examine the theoretical and experimental data in detail in any given 
system of reactants before a conclusion can be reached. 

In a striated P.C. the conditions are more complex.* At the head of 
a striation, where a directed electron flux rapidly degenerates into an 
almost random motion, either expression (3) or (6) may be used as in 
the N.G.f The head of the P.C. in this respect is similar to the head of 
a striation. 

• Towmend, Electricity in Gases, Oxford, 1915 ; TAe Motion of Electrons in 
Gases, Oxford, 1925. 

Lunt and Meek, Ionisation, Excitation, and Chemical Reaction in Uniform 
Electric Fields, Part II. {Proc. Roy. Soc.), in the press. 

♦ It IS noteworthy that the first observation of the dependence of the experi- 
mentally determined quantity, p . p'^^ on Xp^^ was made by Kirkby ' when 
examining the formation of water from electrolytic gas ; a further examination 
of his data shows that was also dependent on Xp only, and over a consider- 
able range of current density. 

t Cf. footnote *, p. 1511. 
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5* Reaction In the Negative Glow. 

Although this zone is also a plasma ^ it is not practicable to discuss 
the theoretical quantities derived for reaction in terms of the expressions 
(4) and (5) because in this zone the current is carried mainly by the 
diffusion of electrons and not by the drift due to a field ; it is, therefore, 
convenient to discuss this zone in relation to expressions (6), (7), and 
(8).* Since the field in this zone is negligibly small, there is little motion 
of ions or electrons across the cathode dark space — N.G. boundary 
except that associated with the flux of electrons from the cathode dark 
space, and /i is therefore sensibly equal to V ; for the same reason the 
whole energy available in the N.G. is that brought in by the flux, this is 
about one-sixth of the total energy supplied externally to maintain the 
region of the discharge extending from the cathode to the N.G. (and 
Faraday dark space) Of this fraction only that part can be used for 
effecting excitation processes which is left over after the ionisation 
processes necessary to maintain the N.G. have been allowed for; this 
limits the amount of reaction initiated by the products of excitation 
processes which can occur. 

For the reasons stated in the previous section we shall again consider 
the simple conditions arising when A and tjt are constant. If the cathode 
fall in potential is normal, f{V) in (6) has then average value 
Vf =: ca. Vif/ 6 ^ and is zero for V > ca. independent of the pressure ; 
f{V) can thus vary little if at all with the pressure. Provided that the 
composition of the gas is constant, and that the dimensions of the N.G. 
are large compared with the electron mean free path, P(V) is also constant 
independent of the pressure since it is determined only by the number of 
collisions which an electron makes before its energy falls below the 
critical for the specified process. The integral in (6) is therefore prac- 
tically independent of the pressure and G is proportional to /' . It then 
follows from (7) and (8) that <f> . jS/ and ^ . ijf for the formation of a single 
product resulting from a single electron collision process are likewise 
independent of the pressure and the current density : expressions (7) 
and (8) thus provide a possible explanation of the obser\^ed properties 
of the current and energy efficiencies in the The conditions 

under which the explanation becomes definite are now essentially the 
same as those stated when discussing the analogous case of reaction in 
the P.C. {cf. p. 1510), except that it is now necessary to show that the 
values oi <fi /Pf and ^ . Py calculated from (7) and (S) % are in quantitative 
agreement with the experimentally determined quantities, and 

When the cathode fall in potential is abnormal, the average 
value of f{V) will still occur at about Vyj 6 , but since Vj!r > Vjsr^ 
and Vji varies with /', Gjl* will no longer be necessarily independent 

♦ In the N.G., even when X is constant, all the quantities in expression (3) for 
R, except Q(V), may be functions of position. Since the actual rate of collision 
must be independent of any postulated mechanism by which its algebraical 
expression is derived, it follows that the integral of R throughout the volume 
through which the N.G. extends must be equal to G, as given by expression (6). 

** Gu ntherschulze, Z. Physik, 1924, 33, 334 ; Linder, Physic. Rev., 1931. 

38, 679 : EmeWus and Kennedy, Phil. Mag., 1934. 18, 874.' 

f Again it is interesting to note that first observations of the experimentally 
determined quantities, and ly* ^ were made by Kirkby.^ 

J The numerical evaluation 01 the integral in (6) is at present restricted to 
ionisation processes because for these alone are data available for P{V). 

*• Langmuir and Jones, Physic. Rev., 1928, 31, 402. 
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of the cathode fall in potential although it will independent of the 
pressure if Vjjf is constant (t.e., /' constant). It is sometimes found 
that is constant although Vy is varying.* Since P{V) increases 
with F, this implies that less of the current carried across the boundary 
between the cathode dark space and the N.G, may be carried by fast 
electrons, and more by positive ions, as Vy increases ; for this possi* 
bility there is independent evidence.^* 

6. Reaction in Other Discharge 2^ne8. 

Little attention has been paid to reaction in the cathode glow or in 
the Faraday dark space, but they have interesting possibilities. Spectro- 
scopic study of the cathode glow has shown that it may contain 
neutral atoms or molecular fragments of unusual types. The possibility 
exists of separating and utilising these in quantities approaching those 
which would be obtained if each, when charged, was responsible for the 
whole transport of current between the cathode and the cathode dark 
space. The Faraday dark space often has peculiar properties because 
of the presence of metastable atoms ; it is possible that some 

reactions attributed to the N.G. would be more correctly described as 
occurring in the contiguous parts of the Faraday dark space. 

Summary. 

The statistical theory of electron collision processes of the first kind has 
been developed with particular reference to the conditions found in the 
negative glow and the positive column. This leads to expressions for the 
current and energy efficiencies of such processes which show that these 
quantities have the properties frequently exhibited by the corresponding 
efficiencies for chemical reaction in these zones of a glow discharge. The 
nature of the relationship between the corresponding efficiencies is out- 
lined. 

The Qtieen's University of Belfast, 

The Sir William Ramsay Laboratories of Physical and 
Inorganic Chemistry^ Univ^sity College^ London. 

♦ From § I it will be seen that is then not constant. 

Emel^us, Brown and Cowan, Phil. Mag., 1934, 17, 146. 

Emeldus and Flail, Proc. Roy. Irish Acad., A, 1931, 40, i ; Harkins and 
Jackson, /. Chem. Physics, 1933, 37 - 

Emel^us and Duffendack, Physic. Rev., 1933, 44, ^322. 


MAGNETIC SUSCEPTIBILITY OF BINARY ALLOYS 

OF THALLIUM. 

By (Miss) Audrey W. David and James F. Spencer. 

[Received 2 gth July^ 1936.) 

The mass susceptibility has frequently been shown to be an excellent 
property for the investigation of the nature of alloys, in particular the 
measurement of this property will indicate the existence of intcrmetallic 
compounds, change of allotropic state and change of crystalline form of 
the constituents of an alloy. With the object of investigating the nature 
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of the binary alloys of thallium, the variation of the mass susceptibility 
with change of composition has been measured for complete series of 
alloys of this metal with cadmium and bismuth, respectively. The 
measurements have been made with specimens of the alloys, both freshly 
cast and annealed in a vacuum at a temperature somewhat below the 
melting-point of the alloy. The measurement of the annealed specimens 
was undertaken because of a criticism by Shimizu ^ of some measure- 
ments of Spencer and John,* in which it is claimed that the divergence 
in the values of the two sets of measurements is due to absorbed gases in 
the specimens of the latter authors. 

Materials. 

The bismuth and cadmium (Kahlbaum) were the purest obtainable 
Analysis of the material confirmed this. The thallium on analysis was 
found to contain appreciable quantities of lead and bismuth, and it was 
purified before use. The metal was dissolved in dilute sulphuric acid, the 
solution filtered and allowed to crystallise. The thallium sulphate was 
twice recrystallised from water. The recrystallised material in about 5 per 
cent, solution was made slightly acid with sulphuric acid and treated with 
hydrogen sulphide until there was no further precipitation of lead and 
bismuth sulphides. The solution was filtered and boiled to remove 
hydrogen sulphide, and when cold electrolysed in a large flat dish using 
platinum electrodes, the anode being enclosed in a small porous pot to 
prevent the metal Incoming contaminated with thallic hydroxide, which 
was formed in small quantities at the anode. The metal was collected and 
repeatedly washed with air-free water and preserved under air-free water 
until required. The purified metal was shown to contain less than 1*4 
parts of bismuth in 10 million parts of thallium by the cinchonine-potassium 
iodide reaction,* and less than 0*8 parts of lead per million by the diphenyl 
thiocarbazone (dithizone) reaction.* All three metals were examined for 
the presence of iron by the thioglycollic acid reaction * and shown to contain 
less than one part of iron in 10 million parts of the metal. 

Preparations and Analysis of Specimens. 

The alloys were cast into sticks about 9 cms. long and 0*68 cms. dia- 
meter. The metals in approximately the required proportions were 
melted in a graphite crucible and stirred with a silica rod. Owing to the 
ease with which molten thallium oxidises in air, it was found necessary, in 
the case of all alloys containing more than 50 per cent, of thallium to 
prepare the sticks in an atmosphere of nitrogen. The molten metal was 
poured into carbon moulds of the required diameter. After cooling the 
sticks of metal could generally be pushed out of the mould, because of the 
contraction of the alloys on solidification, in other cases the mould had to 
be broken to obtain the rod of alloy. The sticks of metal were rubbed with 
fine sand paper until they would slide easily into the measuring tubes, and 
then washed successively with diluted hydrochloric acid and water to 
remove traces of iron which may have b^ome attached to the surface. 
The sticks were dried with absorbent paper and placed in a desiccator and 
dried over sulphuric acid in a vacuum. The sticks were then cut to a 
length 7*4 cms. by removing pieces from both ends, vrhich were used for 
an^ysis. The end portions were separately dissolved in acid, tested for 
iron by the thioglycollic acid reaction and the solution used for the deter- 

^ Shimizu, Sc, Rep. Tohoku Imp. Univ. Series 1, 1932, 21, 826. 

• Spencer and John, Proc. Roy. Soc. A, 1927, 1 16, 61. 

• Leger, Z. Chem., x889» 38. Feigl and Neuber, ibid., 1923. 62. 

• Fischer, fFiss. Veroff. Siemens Konx., 1925, 4« 159* Microckem., 1930, 8, 319. 

• Lyons, J. Amer, Ckem. Soc., 1916, 49, 1927. 
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mination of the thallium content. In no case was iron detected. The 
thallium was determined by adding a solution of sodium carbonate to the 
boiling solution of the alloy, on continued boiling the whole of the cadmium 
and bismuth was precipitated as basic carbonate. The solution was cooled, 
filtered and washed with boiling water until the filtrate gave no reaction 
with potassium iodide solution. In the case of the cadmium alloys a 2 per 
cent, solution of sodium carbonate was used for washing, since hot water 
alone tended to peptise the basic carbonate. The filtrate and washings 
were brought to about 300 c.c., raised to the boiling point, and 2 grms. of 
finely powdered potassium chromate added for every 100 c.c. of solution. 
The precipitate of thallous chromate was left to settle overnight and 
filtered on a sintered glass crucible, washed successively with 2 per cent, 
potassium chromate and 50 per cent, alcohol, dried at 1 20° C. and weighed. 
The method of analysis adopted was compared with the iodide method, 
when it was shown the results of the chromate method were the more 
reliable, and almost 0*1 per cent, higher than those from the iodide method. 
The two ends of a stick of alloy almost invariably had an identical thallium 
content. No rod was used for magnetic measurement if a variation of 
more than 0*1 per cent, existed between the composition of the ends. The 
mean composition of the end pieces was taken as the composition of the 
alloy under measurement. 

The whole of the cadmium-thallium alloys were tough and contracted 
on solidification, those with a high cadmium content were bright and had 
a silver lustre, whilst those with a high thallium content were lead-like in 
appearance. Bismuth-thallium alloys with a low thallium content were 
brittle and had a silver lustre, whilst with a thallium content above 40 
per cent, the alloys were less brittle and contracted very much on solidifica- 
tion, they were dull in appearance and oxidised in air more rapidly the 
higher the thallium content. 

Measurement of Susceptibility. 

The mass susceptibility measurements were made at room temper at ur 
(2i®-23° C.) by the modified Gouy method, as described by Sugden • and 
Trew and Watkins,’ using a field strength of about 5000 gauss. Five 
individual measurements were made of the pull of the field on the specimen 
and the mean of the five values, which did not vary by more than the 
experimental error of the method, accepted as the pull of the field on the 
specimen. From this value, the mass susceptibility was calculated in the 
usual way. The results, which may be taken as accurate to within 1*0 per 
cent., are recorded in the tables below. Table I. gives the mass susccpti- 


lABLE I. X < 10 -*- 


David and Spencer. 

Honda*. 

Owen.t 

Shlinim.t 

Cd . 

4 

0*163 

0*18 

o*i8 

o*i6 

Bi . 

1*292 

1*320 annealed 

1-38 


1-39 

T1 . 

0*223 

0*23 




Loc. cit* f Ann. Physik, 1912, 37, 657. J Loc, cii} 


bility of the pure metals together with such values as arc to be found in 
the literature. Table II. gives the data for the thallium-bismuth alloys, 
the thallium content of the alloy in weight and atoms per cent, is recorded 
in the first two colums, whilst colums 3 and 4 give the mass susceptibility 

• Sugden, Trans. Chem. Soc., 1932, 161, 

’ Trew and Watkins, Trans. Faraday Soc., 1933, ap* 1310. 







A. W. DAVID AND J. F. SPENCER 1515 

in the usual units for the unannealed and annealed alloys respectively. 
Table 111 . gives the same details for the thallium-cadmium alloys. 

TABLE II. 



Weight Per 
Cent. Tl. 

Atoms Per 
Cent. Tl. 

-XXIO-*. 

-XXXO-* 

Annealed. 

Pure Bi 


0*0 

0*0 

1*292 

1*320 

Alloy A 


7*34 

7*50 

0*996 

1*010 

M B 


21*15 

21*53 

0*451 

0*451 

c 


25*39 

25*80 

0*288 

0*304 

.. D 


30*80 

31*22 

0*133 

0*137 

E 


34*50 

35*00 

0*090 

0*090 

M F 


39*42 

40*37 

0*145 

0*147 

n G 


47*04 

47*60 

0*150 

0*147 

H 


54*»5 

55*42 

0*138 

0*125 

.. I 


62*49 

6301 

0*114 

0*110 

1 


70*62 

71*09 

0*059 

0*054 

>» E 

. j 

76*92 

77*34 

0*117 

0*112 

L 


81*14 

81*41 

0*110 

0*114 

M 

1 

• 1 

92*41 

92*58 

0161 

0*159 

Pure T 1 

. 

100*00 

100*00 

0*223 



TABLE III. 



Weight Per 
Cent-Tl. 

Atoms Per 

Cent. n. 

— XX*0”** 

XXio-* 

Annealed. 

Pure Cd 

0*00 

0*00 

0*163 


Alloy A 

13-49 

7*91 

0*174 

— 

B 

19*33 

11*69 

0*178 

0*182 

„ c 

33*40 

21*65 

0*192 

— 

.. D 

41*94 

28*47 

0*194 

— 

M E 

51*14 

3^57 

0*196 

— 

.. F 

60*14 

45*40 

0*198 

— 

M G 

7058 

50*94 

0*200 

— 

H 

79-41 

68*22 

0 * 2 I 6 

0*223 

.. I 

87-49 

79*43 

0*220 

— 

Pure Tl 

1 100*00 

100*00 

0*223 



Discussion. 

The mass susceptibilities of the pure metals are in general agreement 
with the values obtained by previous workers. The values given by 
Honda * were corrected for a small iron content, whilst in the present 
work the specimens measured did not contain an amount of iron which 
would affect the value obtained, and consequently the values recorded 
were not rendered uncertain by the application of a rather indefinite 
correction. The susceptibility-composition-curve for the bismuth-thal- 
lium alloys shows definite maxima at points corresponding with alloys 
containing 36 and 71 per cent, of thallium respectively. These com- 
positions are those of intermetallic compounds BigTlg and BiiTl, respec- 
tively. The existence of these compounds is also indicated by the work 
of Medenhall and Lent.^ The freezing-point composition curve obtained 

• Honda, Ann, de Pkysih, 1910, ioa7, 

* Medenhall and Lent, Physic, Review, 1911, 33, 406. 
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by Hcycock and Neville indicates the existence of B%T 1 | and these 
authors isolated the compound as a soft malleable mass melting at 
2117® C. Freezing-point curves furnish no evidence of the existence of 
BigTlg but they indicate TlgBi with a transition point at 90® C. On the 
other handy E.M.F. measurements of cells with bismuth-thallium alloys 
as electrodes, made by Kremann and Ldbinger,^ as well as a study of 
the thermal expansion by Omodei and an investigation of the thermo- 
electric properties by van Aubel all furnish evidence of the existence 
of both the tri- and penta-bisthmuthide of thallium. The electrocon- 
ductance experiments of Geuther and Shultze support the evidence 
for the existence of BijTlj but offer no confirmation for the existence of 
BiTlg, although they suggest BiTlg. The difference between the mass 
susceptibility of the annealed and unannealed specimens of the bismuth- 
thallium alloys is quite irregular and not very large, the greatest change 
being about 12 per cent., whilst in many cases it does not exceed the 
amount of the probable experimental error of the measurement. A 
peculiar feature of the results lies in the fact that alloys containing less 
than 40 per cent, of thallium are more diamagnetic after annealing than 
before, whilst alloys containing more than 40 per cent, of thallium, 
with one exception, are less diamagnetic after annealing. Whilst the 
change in the susceptibility of alloys with less than 40 per cent, of 
thallium could be due to the removal of adsorbed oxygen, this is unlikely 
owing to the ease with which thallium combines with oxygen, the change 
in the alloys containing a higher content of thallium must be due to 
some other cause which is not apparent. The susceptibility-composition 
curve for the thallium-cadmium alloys shows no irregularities, so that 
it may be taken such alloys are mixtures of the constituent metals, 
and they have mass susceptibilities which can be calculated from the 
mixture law. A search of the literature furnishes no evidence at 
variance with this conclusion, there being no evidence to support the 
existence of any intermetallic compound of these metals. It was found 
impossible to get values for the annealed thallium-cadmium alloys which 
would be exactly comparable with the values for the unanncaled alloys, 
for cadmium volatilised appreciably during the annealing. One or two 
values were measured, and are included in the tabic. These were ob- 
tained by calculating the susceptibility after the loss of weight and the 
change in composition had been evaluated. 

Bedford C allege ^ N.Wa. 

Heycock and Neville, Trans. Chem, Soc., 1892, 61 , 888 ; ibid., 1894, 65 , 31. 

65. 

Kremann and LObinger, Int, Z. MeUdlog,, 1920, 12 , 246. 

van Aubel, BM. Ac^. Belg, (3), 1926, I2f 559. 

Geuther and Shultze, Z. Pkysik., 1923, 1106. 



A NOTE ON THE ABSORPTION SPECTRUM OF 

CHLORINE. 

By C. F. Goodeve and B. A. Stephens* 

Received 2 i st July, 1936. 


The measurements by Halban and Siedentopf ^ of the extinction 
coefficient curve of chlorine show a sudden rise between 579 w/x and 
614 m/x, followed by a slight diminution. A total increase of over one- 
hundredfold was recorded, with a maximum value of the extinction 
coefficient at 614 m/x of 0-049 (the concentration is expressed in mols. 
per litre, length in cms. and the logarithms of intensities to the base lo). 
It would seem from these observations that a new band system appears 


in the red, arising from a combination with 
some intermediate electronic state. 

We have examined the absorption of 
3355 cms. layers * of cylinder chlorine at 
pressures up to two atmospheres and at 
wavelengths between the limit of the normal 
band system (about 600 my) and the limit 
of the infra-red photographic plates (about 
1 1 50 my ) . A Hilger Constant Deviation spec- 
trograph was used. (Dispersion (6cxx) A.) 
= 70 A. per mm.) 

No absorption was found in this region 
despite the fact that extinctions as low as 
5 X 10"“^ have been measured. It would 
appear, therefore, that the absorption found 
by Halban and Siedentopf, was due to the 
presence of an impurity or to an experi- 
mental error. 

The normal band system of chlorine 
(O*^,* has been investigated by a 
number of authors and an assignment of 
quantum numbers has been made by Elliott.* 
An analysis by Birge * led him (no data 
given) to the conclusion that Elliott’s vi- 
brational quantum numbers for the upper 
state, should be reduced by two. A com- 
plete assignment based on this analysis is 
given by Weizel.* 

With the above large optical thickness 
of chlorine, it was possible to find additional 


T A B L The Wave- 

numbers OF THE Ex- 
treme Bands of 
Chlorine. 



2. 



iy,2yo 

i6,y29 


(17.300) 

(16.770) 


zy,4g8‘6 

16,957 

2. 

17.500 

17495-4 

16.9*0 


ly, 694-6 

I 7 A 53'9 

3. 

17,700 

17,701-9 

17.160 


17,891 

17.350-3 

4 - 

» 7 . 893-9 

17.360 


17,552-1 


18,071 

n.S 3 o 

5 - 


•7.540 


18, 088-8 

17.536-5 

6. 

18,261*8 

17,707*0 


* Heavy ty^ — present 
measurements. Light type — 
Elliott '$ measurements — Ita^ 
lies — calculated from Weixers 
equation. 


1 H. von Halban and K. Siedentopf, Z. pkysih. Chem., 1923, 103, 71. 

• For a iescnption of the apparatus see, C. F. Goodeve and A. W, C Taylor 

Proc. Eoy. Soc., A, 1935, 15a, 221. ’ 

• A. Elliott, Proc. Roy, Soc,, A, 1930, IJ7, 638. 

I S’ *W30. 3S. 133- 

*HandbMck der Expmmentaipkysik, Bandensp$ctr»n-Band, by Wei*el, 1931 
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members of the series, the extinction coefficients of which are very low. 
The wave numbers of the observed band heads are shown in the table. 
These bands fit, without difficulty, into the scheme of assignment as 
given by Birge and Weizel, part of which is shown. It is to be noted 
that the quantum number of the lowest vibration level of the upper 
state found in absorption, is I. The extinction coefficient at the 
maximum of the corresponding two bands is about 5 X lO”^, while 
that of the next two (v* = 2), is about io~® (the positions of the heads 
of these bands were difficult to determine). These values are higher than 
those found by Halban and Siedentopf for this range. It may be that 
an increase in tube length or in pressure would bring out further members 
of the series, but difficulties were encountered due to the absorption by 
minute traces of iodine. The dispersion was not sufficiently high to 
detect the isotope shift and the results offer, therefore, no further 
evidence as to the exact assignment of quantum numbers to the upper 
state, except in so far as they eliminate the possibility of the present 
assignment being more than one unit too high. 


THE ABSORPTION SPECTRUM OF CHLORINE 

HEPTOXIDE. 

By C. F. Goodeve and B. A. M. Windsor. 

Received 21st July, 1936. 

The anhydride of perchloric acid, ClgO,, was first isolated by Michael 
and Conn ^ and described by them as a colourless oil.** Its absorption 
spectrum has now been examined and approximate extinction coefficients 
determined. 

Liquid heptoxide was prepared and purified • and condensed in a 
trap attached to a 30 cm. quartz absorption cell and a modified Boden- 
stein quartz spiral manometer.* Light from a hydrogen discharge tube 
passed through the absorption cell into a Hilger small quartz-spectro- 
graph, E. 37. Spectrum photograplis were taken at different pressures 
(different temperatures of the trap), and blanks were taken with different 
times of exposure. 

At the highest pressure used, 85 mm., the heptoxide vapour was 
found to be completely transparent as far as about 3000 A. Below 
this wave-length a smooth continuous absorption band set in and 
increased in intensity as far as could be measured, 2000 A. No maximum 
was found. 

In order to determine the approximate extinction coefficients micro- 
photometer tracings were made for eacn exposure and compared with 
the blanks. The extinction coefficients, a and c, have been calculated 
from the equation 

•ogio ^f = Ctpl= €Cl, 

* A. Michael and W. T. Conn. Amer, Chem. 1900, 2^ 444. 

•C. F. Goodeve and J. Powney, /. Chem. Soc,, 1932, 2078. 

• Janet W. Goodeve. Trans, Faraday Soc., 1934, 3 ®t 5^1. 
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where the pressure p is in mm. Hg., the length I in cm., and the concen- 
tration c in gram molecules per litre. The tracings gave overlapping 
sections of the extinction coefficient curve and have been fitted together 

into the curve shown ^ ^ ^ 

in the Figure (the ‘ 3000 a] 25 (|) 0 A 

logarithms of the co- ‘ 

efficients are plotted). 

In the central part of . 

the curve the absolute ^ 

values of log a may -2 

be in error by as ✓ 2 

much as ± 0*1 owing n ' w 

to variation in the ^ ^ 

blanks, but the rela- o / o 

tive values are prob- ^ / 

ably more accurate T 

than this. In the / . | 

regions of high and / 

of low density of the / 

photographic plate y 

the limits of error are 

however higher. The 

curve for these regions / ■ O 

is indicated in the j 

Figure by a broken , 

line. ' 

There is an inter- -5I 

esting parallelism be- 30,000 35,000 40,000 45,000 

tween the absorption Frequency- Wave -numbers, 

spectra of the oxides The absorption spectrum of 

of chlorine and of chlorine heptoxide. 

nitrogen. The mon- 
oxides of both show regions of continuous absorption.^* ^ Both the 
dioxides have a complex band system in the visible and near ultra-violet. 
The oxide of. nitrogen corresponding to ClgO, is NjO^. The absorption 
of the latter is continuous,® commencing also at about 3000 A. and ex- 
tending into the far ultra-violet. 

The Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry^ 

University College, London, 

^Cl, 0 . C. F. (ioodeve and Janet I. Wallace, Trans. Faraday Soc., 1930, 

* 54 - 

*N, 0 . L. Henry, Compt. rend., 1935, others. 

• H. C. Urey, L. H. Dawsey and F. O. Rice, J,A.C.S., 1929, 51, 3190. 
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REVIEWS OF BOOKS. 


Solubility of Non-Electrolytes. By Joel H. Hildebrand. American 
Chemical Society Monograph. New York : Reinhold Publishing 
Co. ; London : Chapman and Hall, Ltd., 1936. Pp. 199 (including 
title page and general preliminaries). Price 22s. 6d. net. 

The second edition of this book has been largely rewritten in view of 
the accumulation of experimental data and of theories of dipole moments, 
intermolecular forces and non-ideal solutions since the first edition. The 
study is introduced by a general discussion of deviations from the laws 
of ideal solutions as based on Raoult's law and the Gibbs-Duhem equation, 
particular attention being paid to the effects of molecular volumes. A 
brief discussion of polarity includes Langmuir’s theory of surface energies. 
The forces between non-polar molecules are discussed on the basis of 
modem quantum theory. A number of special problems, such as solva- 
tion, association, vapour pressures, solubilities, metallic solutions and 
partition, are discussed, ample experimental material and good applications 
of modem theory being introduced. The book handles a large range of 
topics with marked originality and success and is likely to prove as stimu- 
lating as the first edition was in its time. The price is high. 

J. R. P. 

The Structure of Metals and Alloys. By William Humb-Rothery. 
(Institute of Metals Monograph and Report Series No. i. Pp. 120 -h 
60 Figs. 3s. 6d.) g 

The series of monographs which the Institute of Metals intends to 
publish from time to time has made a good beginning with Dr, Hume- 
Rothery’s survey of the structure of metals and alloys, which, will interest 
many others than metallurgists. The new conceptions concerning equi- 
libria in solid systems have so greatly altered the way of considering alloys 
and their transformations that metallurgists who have not followed closely 
the recent developments may well feel somewhat lost. This monograph, 
which does not deal with experimental methods, provides a compact and 
attractive survey of a difficult field. It is self-contained, beginning with an 
account of the electronic structure of atoms, molecules, and crystals, and 
passing to the crystal structure of the elements, typical lattices being 
figured and explained. A discussion of the atomic radii of the elements 
follows, the uses and limitations of Goldschmidt’s values being clearly 
indicated. The next sections show the influence of the author’s own work, 
a very full account being given of the effects of atomic diameter and of 
electronic constitution on solid solubility and on the form of the liquidos 
and solidus curves. Although some of the relations found must still be 
regarded as empirical, they have undoubtedly brought some degree of 
order into the puzzling diversity of the equilibrium diagrams of alloy 
systems. This is still more conspicuous in the following section, dealing 
with intermediate phases. Unfortunately, only a few 83rsteiiis have yet 

*520 
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b^en examined with enough care to make wide generalisations possible. 
The ordered-disordered changes in solid solutions, on which the work of 
W. L. Bragg has thrown much light, are among the topics which are 
clearly treated . The last section discusses imperfections in crystal structure, 
including the various h3rpothe8e8 of secondary or mosaic structures and of 
internal flaws, in their application to metals. Each section is provided 
with a bibliography, and the monograph, which is well produced, presents 
a wealth of information, and in addition is well fitted to provoke thought. 

C. H, D. 


Physikalisch«Ghemiachea Praktlkum. By Dr. K. Fajans and D. Jr. 
WusT (Zweite Audage). (Miinchen, 1935.) Akademische Verlags- 
gesellschaft. M.B.H. xvi -f 230. Price R.M. 10.80. 

The original edition of this practical textbook of physical chemistry has 
become very popular, not only in Germany, but in other countries as well. 
It was made more available to English-speaking students by the translation 
in 1930 by B. Topley, and has since been translated into other languages. 
It was obviously written by men of considerable experience in teaching 
practical physical chemistry, and required very little alteration for this 
second edition. The most important alterations are the deletion of the 
chapter on ** Viscosity,** the addition of chapters on ** The Determination 
of Partition Coefficients,** on " Decomposition Potentials of Electrolytes,'* 
and on Vapour Pressures.** Not everyone will approve of the deletion 
and there is room for criticism in these new chapters. The inclusion of the 
mass law relations under the partition coefficient and the very approximate 
solutions of Nemst are now obsolete. This is the only reference to the 
mass law found in the book. There is no obvious reason for the inclusion 
of such subjects as ** Decomposition Potentials *' in a modem textbook. 
It would have been valuable to describe a method of determining the 
vapour pressures of liquids at temperatures above room temperatures rather 
than the simple case of ether below room temperature. One would like 
to have seen the apparatus used for spectrophotometry brought up to d^e. 
It is surprising to note that open mercury contacts are recommended in 
heater circuits for thermostats. 

It is pleasant to see that the inconsistent thermodynamic nomenclature 
so common in German textbooks has been brought into line with modem 
practice in the new edition. The paragraph entitled ** Difficulties and 
Sources of Error ** at the end of each chapter is a welcome help to teachers 
of practical physical chemistry and an incentive to students for criticism 
of their experiments. 

C. F. G. 

Reporta on Progress in Phs^sics* Vol. 11. The Physical Society. Lon- 
don 1936. Pp. iv + 371, Price, 2 IS. 

The problem of how to keep pace with modem developments is one 
which besets every {diysicist. The Physical Society offers a solution of the- 
problem in its annual Reports on Progress in Physics, the second volume 

which, deling with work up to the end of 1934 under review. 

The general scheme follows that of the first volume. In addition to reports 
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on the general parts of the subject <Heat, Light, Sound, Electrical Measure* 
ments, etc.) there are also more extensive articles on special subjects such 
as Geophysical Prospecting, Radio-exploration of the Upper Atmosphere, 
and Electron Tubes, together with a very useful paper on the Electronic 
Charge and accounts of recent work in Atomic Physics, Quantum Theory, 
X-rays and Spectroscopy. 

It is manifestly impossible to discuss each section separately. The 
points of maximum interest will naturally depend on the predilection of the 
reader, but he may be assured that, wherever he reads, he will find authori- 
tative accounts, with complete references, presented in most cases in a lucid 
manner. There are a few articles which can hardly be read profitably 
without a specialised knowledge of the subject, but they are outweighed t>y 
others which will evoke immediate interest. The general impression 
gained from a survey of the book is that the Physical Society has at- 
tempted to serve both the general reader and the specialist and, in the 
main, hais succeeded in this object. 

The amount of material in this volume is very considerable and for 
many it will serve as a textbook of modem work. The physical chemist 
will find much valuable information in the article on Atomic Physics and 
in parts of the reports on X-rays and Spectroscopy. 

The printing and lay-out of the book are of the high standard always 
associated with the Cambridge University Press. There is a change of 
notation which might have been avoided in the article on Surface Tension, 
while the discussion on the determination of the electronic charge from X- 
ray measurements is repeated in the section on X-ray spectroscopy. These, 
however, are minor criticisms of a book which should be in the hands of all 
who would keep abreast of recent work. 

R. H. H. 


Dynamics of Rigid Bodies. By W. D. MacMillan. McGraw Hill, 
London, 1936. Pp- xiii and 478. Price, 36s. net. 

Professor MacMillan's book is a welcome addition to the literature of 
dynamics. Without departing from the classical doctrine and tradition, 
he has shown that much work has been done, on strictly classical lines, 
since the days when Routh’s great treatise dominated the subject. Certain 
mathematical methods, which are even now not so widely known as they 
might be, are necessary weapons of attack, and the author has provided 
admirably clear expositions of the relevant parts of vector algebra and of 
matrix theory. 

The book begins at the beginning, but it presupposes some knowledge 
of the subject in those who would make the best use of it. The chapters 
which deal with the fundamentals of the subject follow lines in the main 
well-known, though the author, like every competent and thorough teacher, 
has his own point of view. The chapters on the difierential equations of 
analytical dynamics, on the canonical equations of Hamilton, and on the 
difi&cult method of periodic solutions initiated by H. Poincari, are models 
of their kind. Each chapter is illustrated by a large number of examples 
on which the reader may try his skill, and the book may be unreservedly 
recommended to the advanced student. 


A. F. 
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The RtTolution In Phytlcc. By E. Zimmbr. Faber S: Faber Ltd., 
London, 1936. Pp. xiv and 240. Price, 128. 6d. net. 

There is no end to the number of works which set out to tell the inquiring 
layman all about the change that has come over the innocent Victorian 
physics beloved of our parents — a change that has converted the physicist 
into a sometimes unwilling, sometimes enthusiastic, and always amateurish 
metaphysician. The present volume must be counted among the successes. 
The author discusses, easily and clearly, the nature of matter and of light 
according to classical physics, light quanta, the structure of the hydrogen 
atom and of the higher atoms, quantum mechanics and matter waves, 
science and philosophy. Mathematics is reduced to a few algebraical 
symbols and the translation reads admirably well. The price is low, and 
the book is produced in excellent fashion. 

A. F. 


The Quantum Theory of Radiation. By W. Heitler. The Clarendon 
Press, Oxford, 1936. Pp. xiand 252. Price, 17s. 6d. net. 

It was the failure of classical methods in the theory of radiation which 
led to the introduction of the quantum of action and the peaks in the result- 
ing astonishing development occur in 1905. 1913, and 1925, the years that 
mark the h3rpothesis of light quanta, the application of quantum theory 
to the atom, and the beginnings of quantum mechanics. 

Professor Heitler’s volume is divided into five main sections which 
deal with the classical theory of radiation, the quantum theory of the field 
in vacuo, the interaction of radiation with matter, radiation processes 
concerned with positive electrons, and the penetrating power of high- 
energy radiation. 

The name and personality of the distinguished author are sufl 5 cient 
guarantees of the full and scholarly treatment of the subject. The book 
is by no means easy reading, and the difficulties are not all mathematical, 
but it is quite indispensable to the advanced student of quantum mechanics. 

A. F, 


The Freedom of Man. By A. H. Compton. Humphrey Milford, London. 

Oxford Univ. Press, 1935. Pp. xi and 153. Price, 9s. 

The last few years have seen an extraordinary growth of interest in 
philosophical questions, and the realms of the metaphysicians have been 
invaded by amateurs of very varied attainments — ^physicists, in particular, 
have found that studies of " fate, free-will, fore-knowledge absolute " 
have very important bearings on their own subject. Perhaps it would 
be better to reverse the statement and to say that, in the eyes of the phy- 
sicist, his own subject has important contributions to make to that branch 
of philosophic thought which is concerned with the problem of deter m i n ism . 
That is, perhaps, not quite so certain as the physicist deems it to be, but 
it is all to the good that he should air his views. He imparts a welcome 
freshness to an old topic, even though he may make, with surprise and 
pleasure, discoveries in the realm of philosophy that are not much younger 
than Thales. 
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In the matter of determinism, the easy way out is that of Johnson — 
** Sir, we know we are free, and there's an end on't." True, we know we 
are free, but is that the end on't ? What does freedom mean ? Does it 
mean that our volitions are uncaused, or undetermined ? If so, there is 
at once an end to the logical and practical reasons for rewards and punish- 
ments which, surely, may only be given on the assumption which, prag- 
matically, we know to be true, that they have very considerable effect on 
our future actions. I am free to choose, but that freedom by no means 
puts out of court the question — what determines my choice ? 

Professor Compton has chosen some aspects of this age-old topic for 
his Terry lectures. The heads of his addresses are — Freedom versus Law, 
What Determines our Actions, Intelligence in the World of Nature, Man’s 
Place in God’s World, and Death or Life Eternal. His addresses form a 
thoughtful and earnest contribution to a difficult problem. They appeal 
to a wide public and will be read with special pleasure by his many friends 
on both sides of the Atlantic. 

A. F. 

Advanced Laboratory Practice in Electricity and Magnetism. By 

E. M. Terry and H. B. Wahlin. McGraw Hill, London, 1936. 

Pp. xiv and 318. Price, 18s. net. 

This, the third edition of Terry and Wahlin, does not require much 
introduction to English readers. The work discusses in comprehensive 
fashion, laboratory methods for the measurement of current, resistance, 
potential, power, capacitance and inductance. It deals further with 
photometry and pyrometry, oscillators and amplifiers, electron tubes and 
fundamental radio frequency measurements. 

In the present edition, some of the experiments have been revised and 
two new experiments, on the determination of the electronic charge and 
on the determination of the thermionic work function of a metal have been 
added. 

The chapter on electron tubes has been revised ” in order to give the 
student some familiarity with the recent electron theory of metals, in 
particular as it applies to thermionic emission.” In this work of revision, 
it would have been well if some of the later methods for the measurement 
of fundamental quantities had been introduced. 

The book is not overloaded with detail but, although in one or two 
instances the descriptions incline to the sketchy side, in general they are 
quite adequate and the volume forms a very useful laboratory manual 
for advanced students in physics or in electrical engineering. 

A. F. 
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SOME CHARACTERISTICS OF MERCURY— RARE 
GAS DISCHARGE TUBES. 

By H. W. Melville. 

Received 2 jth Aprils 1936. 

In photochemistry, two ideals to be aimed at in the source of light 
are (a) constancy of output, [b) a sufficient degree of monochromatism. 
When dealing with sensitised reactions, the form of the exciting line or 
lines must also be known if the kinetics are to be studied in detail in 
order to derive the correct sequence of reactions comprising the total 
process. This is of particular importance in mercury sensitised reactions. 
If the exciting line is not narrow and unreversed, then the effect of 
added gases arid of temperature on the shape of the absorption line of 
the inercurv' vapour in the reaction vessel may become so complicated 
that no real use of this method of initiating reactions can be made 
kinetically. 

The usual type of mercur>’ lamp having mercur>"-mercur>% or mercury- 
tungsten electrodes with tlie cathode water cooled suffers from the 
disadvantages that it is unsteady, generates a considerable amount of 
heat, radiates lines besides the resonance lines at 2537 A., i860 A. and 
emits, if the water cooling is not efficient, a partially reversed resonance 
line unless the additional complication of a magnet is employed to press 
the discharge against the walls of the lamp. Lamps with heated cathodes 
and tungsten anodes eliminate the majority of these disadvantages, 
although now it is necessary to control the temperature of the cathode 
accurately. This disadvantage is not, however, present in discharge 
lamps containing a mixture of rare gas and mercury vapour and running 
at some hundreds of volts A.C. 

Commercial lamps of this type have been on the market for some 
time, consuming a small current — 20 mA. — but no details regarding 
characteristics and outputs of bigger lamps working on this principle 
have been described so far as is known. The present paper gives details 
of the construction, operation and output of such a lamp capable of 
taking an input of 400 watts. The results also give a clue to the 
mechanism of the excitation of the mercur\" atoms in a discharge of this 
nature. Elsewhere its application to solving some problems in the 
exchange reactions of deuterium with hydrides will be described. 

The shape and dimensions of the lamp are shown in Fig. i . The “end 
of the lamp is connected by a silica-soda glass joint to gas reservoirs, 
manometers and a pumping system. The electrodes are of iron sheet, 
as used in neon signs, one end being closed, welded to nickel wires and 
finally to i mm. tungsten wire which is sealed into the silica in the usual 
way by means of lead. The electrodes are water coooled in order to prevent 
the mercury pressure from rising too high. The lamp was excited from 
a 2000 V. transformer, the secondary current being controlled by a variable 
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resistance in the primary circuit. A few drops of liquid mercury were 
also present in the tube. Helium, neon and argon were used ; the two 
latter gases were obtained from the British Oxygen Co. The neon con- 
tained a little helium and the argon was freed from the small amount of 
residual oxygen by passing over heated copper. The helium which con- 
tained some air was passed repeatedly through a charcoal tube cooled 
in liquid nitrogen. After each passage the charcoal was baked out at 
300® in vacuo. 

The absolute calibration of the lamp was carried out using as actino- 
metric substances uranyl oxalate and monochloracetic acid. The charac- 
teristics at different currents, voltages, etc., were determined by the less 
tedious method of measuring the mercury sensitised decomposition of 
ammonia since the lamp was designed expressly for use in sensitised 
reactions. The small amount of direct photodissociation was eliminated 
by interposing a 2 cm. layer of a 50 per cent, solution of acetic acid. The 
insolation tube for the decomposition of the ammonia was attached to a 
Pirani gauge and a mercury manometer. The procedure simply was to 
admit the ammonia to a pressure of about 100 mm., illuminate for the 
required time, condense out the ammonia with liquid air and measure the 
pressure of N, and H, by the Pirani gauge. This latter pressure was not 



allowed to rise to more than o*i mm. so that the pressure of N, and H» 
produced is strictly proportional to the intensity of illumination. If the 
ammonia pressure is louver or if the decomposition is allowed to proceed 
further, the inhibitory effect of hydrogen tends to make the relationship 
^ between -f- and time depart from linearity.^ 

The variables to be considered are : — 

Current, voltage, pressure, gas, temperature of lamp. 

The effect of the temperature of the cooling water was not investigated 
as this remained at 12 i i® C. When that part of the lamp exclusive of 
the electrode chambers is heated, practically no variation in output occurs 
up to as high a temperature as 6w® C. Evidence for this statement will 
be given elsewhere. The three independent variables are the gas, its 
pressure and the current. The voltage is a function of all three, but 
fortunately it is not much dependent on the independent variables in the 
ranges used below. 

Fig. 2 shows a set of experiments with argon in the lamp. 

It will be seen, in the j^st place, that at a constant gas concentration 
the output increases with the current reaching a maximum and then 


^ Cf. Melville, Proc, Roy. Soe., A, 1.935, *52, 327. 
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decreases. If, however, the pressure be maintained constant, the output 
becomes independent of current above o*ioo amp. It will also be observed 
that the output at constant current similarly increases with pressure and 
then decreases, as is seen from the lower curve, in which the results are 
plotted for a fixed current of 0*275 amp. Clearly there are optimum con- 
ditions for running the lamp. Be^des the disadvantage of low output at 
low pressures, the electrodes begin to sputter at high current densities. 
Experiments were also made to determine the time required for the 
lamp to reach a steady state, starting from cold. In one series after 



Fio. 2. — ^Argon. At 4*8 mm. the voltage varied from 850 to 1150 ; at 2*4 mm. 
from 850 to 1250 ; at 0-48 mm. from 700 to 1200 ; at 0-24 mm. from 530 to 
1030. 


10 min., 0*0925 mm. of Nf and H, had been produced ; within 30 min, 
the rate of production had risen to 0*15 mm./io min. and remained 
stationary thereafter. Check experiments have been made at intervals 
during three months' use and no important variation in output ( ± 23 per 
cent.) was observed. 

In a similar way the characteristics of the lamp were determined lor 
neon. With this gas the lamp ran much cooler, more steadily, and over 
a wider range of pressure. 
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Again optimum conditions make their appearance, which are shown 
in Figs. 3a and 36, where the output is plotted against current for different 



Fig. $a. — Neon ; effect of current. At 60 mm. the voltage across the lamp 
was 1000; at 30 mm. 700 to 850; at 20 mm. 500 to 550; at 10 mm. 400 
to 470 ; at 5 mm. 400 to 570 ; at 2 mm. 430 to 580 ; at i mm. 440 to 530 ; 
at 0*5 mm. 500 to ^o. 



operating pressures. When the output is plotted as function of the pressure 
at a constant current. Fig. 36 shows that a maximum occurs at about 6 mm. 
and is independent of the current. It is also apparent that no advantage 
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could be gained by increasing the current beyond 0*2 amp. A few results 
for helium are plotted in Fig. 4 ; the optimum pressure being 5 mm. 

Hydrogen was also employed, but yielded a very small output* On 
pumping out the 
hydrogen and re- 
admitting neon 
the output was 
only o-i of that 
previously ob- 
tained and gradu- 
ally decreased 
with time. Pump- v 
ing out and re- 
hlUng with neon ^ 
improved the out- v 
put. Apparently ' . 
the hydrogen ^ 
must have be- 
come adsorbed on ^ 
the electodes or 
on the sputtered S 
iron and was only ^ 
given up slowly ^ 
on running the ^ 
lamp. Heluim ^ 
proved to be _ 

more effective Pf^SS^mm) 5 10 

than neon in rid- Fig. 4. — Helium, 

ding the lamp of 

traces of hydrogen. Traces of hydrogen must, therefore, be ngorously 
excluded from the inert gas if a high out])ut from the lamp is to be 

obtained, . 

The fraction of the total radiation of wavelengths less than 2300 wm A 
measured by observing the rate of the direct photo-chemical dissociation. 
The mercury vapour was frozen out of the ammonia by a trap cooled to 
— 70® C. To get rid of the mercury vapour efiectively the ammonia 
had to be passed through the trap very slowly, the total length being 
20 cm., e.g., 15 c.c. at N.T.P. were passed through in 30 min. If the 
ammonia were^ passed through in a few seconds the partial pressure of 
the mercury was not reduced much below 0*0001 mm. For these experi- 
ments the acetic acid filter was removed. The rate of the direct decom- 
position was less than 10 per cent, of that of the sensitised. 

Similar tests were made using the uranyl oxalate actinometer which is 
sensitive from 2000 to 4300 A.* First a water filter was placed between 
lamp and reaction vessel atnd the rate of decomposition of oxalate 
measured. On substituting a 25 per cent, solution of acetic acid to cut 
out radiation of wavelength shorter than 2537 A., the rate decreased to 
70 per cent, of its previous value. Part of this reduction is certainly due 
to absorption of the 2537 line by acetic acid. On interposing a 3 cm. 
layer of CCI4 which cuts oft 2537 » the decomposition was reduced to 
I per cent, of its former value. Consequently at least 90 per cent, of the 
light emitted is at 2537 A. 

Absolute Output. 

The absolute output of the lamp was measured by means of the uranyl 
oxalate actinometer based on the data of Forbes and co-workeis. For 

* Forbes and Heidt, J, Amer, Ckem, Soc., I 934 » Sfi* 

» C/, Melville and WaUs, Trans, Faraday Soc,, 1933. 29. 1255 * 
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example in one experiment the lamp was run under optimum cx>nditions 
with neon as inert gas at 5 mm. pressure. The voltage was 370, the 
current o*z86 amp. and the input in watts 69. At a distance of 5*45 cm. 
an area 1*25 x 8*55 «= 10*7 cm.* received from one limb of the lamp 
3*8 X 10^^ quanta per second. Assuming even distribution of radiation 
from the lamp this corresponds to 1*33 x lo^* quanta per sec. per cm. 
length or 8 X lo^* total. This is equivalent to 8 watts and hence the 
luminous efficiency of the lamp works out at the relatively good figure 
of II per cent. 

Mechanism of the Discharge. 


The nature of the output-pressure curves at constant current give 
the clue to the probable mechanism of the excitation of the mercury 
atoms. The form of these curves is exactly similar to that obtained 



Press. 10 20 30 


Fig. 5. 

when the mean life (t) of the metastable inert gas atom is plotted against 
pressure. From the results of Meissner,^ Eckstein,* Ebbinghaus,* and 
Anderson,’ it may be shown that metastable inert gas atoms are de- 
stroyed by diffusion to the walls of the discharge tube and by collisions 
in the gas phase with other inert gas atoms. The mean life may, there- 
fore, be expressed by the equation 

r-i == B/p + Cp, 

where B is proportional to the diffusion coefficient of metastable atoms 
through the gas and C is a constant containing factors such as the effec- 
tive collision radius for the process which removes the metastable atom 

* Ann. Physiht IV, 1927, 84, 1009. 

• Ibid., IV, 1928, 1003, • Ibid,, V, 1930, 7, 267. 

» Can. J. Ess., 1930- . a, 13 ; 1931. 4 * 3^2. 
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Temp. 

Gm. 

B. 

C. 

300 

Ne 

2000 

IIOO 

300 

A 

160 

120 

80 

A 

15 

170 

300 

He 

1350 

107 


It may be concluded 


to a higher (radiating) state. The value for B has been recalculated for 
a tube 2 cm. in diameter, and the data used to calculate the value of t 
are given in the Table, r is given in seconds if p is in mm. 

The values of r have been computed 
for the pressure range employed in oper- 
ating the lamp and are plotted in Fig. 5. 

It can be seen at once that not only do 
the forms of the curves in Figs. 2, 3 and 4 
exhibit similar shapes but that in addition 
the maxima occur at about the same pressures, 
therefore that the output of the lamp is governed primarily by the con- 
centration of metastable atoms. This hypothesis is supported too by 
comparing the inhibiting effects of hydrogen in the neon discharge. 
Eckstein ® found that 0*002 mm. hydrogen reduced t for neon to half 
its value at a neon pressure of 2 *I 2 mm. and it has been mentioned 
above that small traces of hydrogen reduce the output considerably. 

It is diflBiCult to draw any definite conclusions from these experiments 
regarding the nature of the collisions between the metastable atom and 
the mercury atom. The latter atom requires only 4 88 volts for excita- 
tion, whereas the smallest amount of energy the helium atom can com- 
municate is 19*7 volts (2^Si), neon 16*5 volts (^Pj) ^i^d argon 11*5 volts 
(^Pj). In each case more than sufficient energy to ionise the mercury 
atom is available. The efficiency of the lamp is such, however, that the 
collisions between metastable inert gas atoms and mercury atoms must 
be very much greater than that between inert gas atoms involving the 
destruction of the metastable state. Since optimum conditions appear 
at about 5 mm. pressure, the mercury pressure being about 0*001 mm., 
the ratio of the collisions efficiencies w’ould seem to be at least 5000 : I . 


Summary. 

Some characteristics of mercury — ^rare gas discharge tubes have been 
measured in order to find optimum conditions for the running of a tube 
capable of dealing with an input of 400 watts and emitting the resonance 
Ime at 2537 A. For an input of 70 watts it has been found possible to 
obtain an output of lo'* quanta per sec. At least 90 per cent, of the total 
radiation is at 2537 A. 

The optimum conditions occur at about the same values as those for 
the production of metastable inert gas atoms. Suggestions are made as 
to the mechanism of the collision processes taking place in the lamp on 
these bases. 


The author is greatly indebted to Prof. E. K. Rideal for his constant 
encouragement during these experiments. He also thanks the Royal 
Commissioners for the Exhibition of 1851 for a Senior Studentship. 

Laboratory of Colloid Science, 

Cambridge* 



THE MECHANISM OF THE FORMATION OF FOGS 
BY ULTRASONIC WAVES. 

By Karl Sollner. 

Received 20 th July^ 1936. 

This paper deals with the mechanism of the formation of fogs, i.e. 
with the ** atomisation ” of non-metallic liquids by ultrasonics. 

I. 

This phenomenon, first described by W. R. Wood and A. L. Loomis,' 
has not been investigated thoroughly, although the opposite phenomenon, 
the coagulation of smokes and fogs, has been studied.* 

Wood and Loomis describe the formation of fogs by ultrasonics about 
as follows. In the case of such fairly volatile liquids as benzene, toluene, 
water, etc., it is best shown by.dipping a beaker containing a little of one 
of these liquids in the oil over the vibrating quartz. The beaker fills 
rapidly with a white cloud — a fog of benzene. This fog is in a con- 
tinuous tumultuous motion. 

To produce fogs of less volatile liquids, e.g,, of transformer oil — as used 
for the oil bath — another arrangement must he used. A test-tube of about 
2*5 cm. diameter is drawn out in the middle to a diameter of about 7 mm. 
The constriction must he rather thin-walled to allow large amplitudes of 
the transverse vibrations set up in the glass, otherwise the effect i.s w'eak, 
or unobservable. When this “ collector ” is dipped into the oil bath the 
oscillations of the glass are very vigorous at the constriction. If a little 
oil is now' applied to the outside of the tube above the constriction, it 
** spreads over the surface and is thrown out in jets of spray resembling 
smoke and a dense cloud gathers about the tul>e." Close in.spection shows 
that the oil on the collector gathers in more or less regular rings which form 
dots here and there, and the jets of spray are shot out from these dots.* 

II. 

Having regard to the strong heat effects, usually found when ir- 
radiating with ultrasonics (and specially mentioned in the case of the 
collector by Wood and Loomis), one is inclined to consider the cause ol 
the formation of fogs as a temporary evaporation followed by a rapid 
condensation. But this explanation can easily be discarded by using 
solutions containing a non-volatile compound, conveniently a dyestuff. 
Both in the beaker as with the collector — ^and in the latter case still more 
strikingly — the formation of coloured fogs is seen readily, hardly any 
residue of the non-volatile substance being left, after the whole liquid has 

^ W. R. Wood and A, L. I^omis, Phil. Mag., 1927, 4, (7), 417. 

* C/., e.g., O. Brandt and E. Hiedemann, Trans. Faraday Soc., 1936, 33, 1101 ; 
Kolloid Z.i 1936, 75, 129 ; E. N. da. C. Andrade, Trans. Faraday Soc,, 1936/ 
iiii. 

• As to photographs of this phenomenon, sec the paper of Wood and I-.ooinis, 
he, cit.^ 
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been dispersed into the air. Thus, temporary evaporation is excluded 
as the cause of formation of fogs. 

Another, at first rather attractive, possibility may be seen in the fact 
that during strong local irradiation all liquids form mounds or fountains, 
which throw drops of the liquid into the air. Such a fountain is always 
seen in the oil bath at higher energies.® But the two phenomena, the 
oil fountain dispersing drops and the formation of a true fog, are quite 
different and independent of each other. They may be separated 
easily. 

With substances of high viscosity (e.g, paraffin-oil) a fountain, dis- 
persing drops, is always found with medium and high energies, but the 
formation of a fog is only to be seen at such very high energies as en- 
danger the quartz oscillator. With less viscous and more volatile sub- 
stances ether, alcohol, benzene, etc.) contained in a beaker or 

test-tube fogs arc easily formed at room temperature, or with less vola- 
tile and more viscou.s liquids at higher temperatures, using energy 
densities such as 20, 30, 40 mA. (according to the substance), which pro- 
duce no oil fountain in these liquids ; only the ver)^ small droplets form 
the fog. W'ith increasing energy a point is reached, where, in addition 
to increased fog formation, a di.^tinct fountain of liquid may be seen and 
with slightly higher energy, drops of considerable size are torn away and 
thrown into the air. 

The drops dispersed by the oil fountain have with all substances 
diameters between several tenth and several millimetres,® whereas the 
fog droplets are so small that the fogs are stable for several seconds at 
least, often for several minutes. (Ultrasonics do not, then, at present 
provide a satisfactory' method for preparing fogs, since other methods 
yield much smaller fog droplets, t.^., much more stable fogs.) 

The same applies to the collector. Here, due to the concentration 
of the energy, such vehement oscillations are set up in the constriction 
that substances like paraffin -oil may easily be dispersed, when the 
quartz vibrates only with normal energy. 

At first sight one is inclined to the view that the fog droplets are 
thrown out from tlie jets, as described by Wood and Loomis.® But one 
wonders, how such small dr(>[)lets can obtain sufficient energies to travel 
so vigoursly through the air, whereas bigger drops, winch occasionally 
(when much liquid is present on the colleclor) are thrown out, do not 
possess a high velocity and fall into the oil bath quite close to the col- 
lector. This is explained by the obser\^ation that strong air currents 
are set up in the neighbourhood of the vibrating collector ; * these air 
currents are strong enough to push the flame of a micro-Bunsen-bumer 
horizontally sidew'ays, when brought clo.se to the collector. 

Obviously these air currents arc responsible for the movement of the 
fog droplets and the whole appearance of the phenomenon. But they do 
not explain the primary formation of the fog droplets. 

We must therefore discard the explanation that the fog droplets are 
simply thrown out from the surface of the irradiated liquid, as are the 
big drops from the oil fountain or the collector. 

We emphasise that the collector shows no new features, as compared 
with the simple oil fountain, but provides a method of concentrating the 
energy for studying phenomena, which othenvise could not be obtained 

* That an ultrasonic oscillator may produce air currents is a well-known fact, 
cf,, e . g ., A. Meissner, Physih, Z., 1927. a8, bzi ; Naiurwiss., 1929, 17, 25. 
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without endangering the quartz. It produces quite generally strong 
mechanical actions ; tf.g., it is very efficient in emulsifying, if drops of 
two immiscible liquids are put on the constriction. 

III. 

An indication as to the true mechanism of the fog formation may be 
seen in the fact that the surface always becomes rippled as if it were 
being hit from above, just before fog formation sets in. 

Previous experiments ® have shown that surfaces are always a locus 
of strong mechanical action — due to cavitation as defined earlier ; ® it 
therefore seems reasonable to assume that one is here also dealing with 
cavitation. To prove this two methods have always been employed : 
the mechanical effects disappear both when cavitation is rendered in- 
effective (due to lack of outside pressure), when experimenting in vacuo, 
and when a sufficiently high external gas pressure is applied (the liquid 
not being saturated with the gas) thus rendering the disruption of the 
liquid impossible. 

Obviously the latter method cannot be applied in the present case, 
as the surface, where the fog is formed, is in contact with tlie ga.s, and 
saturation, in the extremely narrow zone with which we arc concerned, 
occurs much too rapidly, to allow conclusive experiments^ 

When experimenting in vacuo things seemed at first sight to tx' less 
simple than usual, hut the final cause of the difficulties fourui, also explains 
a phenomenon of minor importance in the formation of emulsions, which 
has so far been inexplicable. (See t>elow.) 

Liquids with a low vapour pressure {e.g,, as tetraline, decaline, low 
viscosity paraffin-oil, etc.), behaved normally and yielded fogs at atmo- 
spheric pressure, but not when carefully degassed and scaled in vacuo in 
test-tubes, even with such strong irradiation that considerable fountains 
were formed in the liquids and large drops abundantly thrown out from 
the surface. The surface also lacked the clianicteristic rippled appearance, 
always associated with fog formation. 

The more volatile substances, e.g., ether, benzene, toluene, water, etc., 
however, somewhat unexpectedly yielded fogs in vacuo. I'his fog for- 
mation becomes stronger and stronger wlien the samples get warm after 
prolonged irradiation, and when heated intentionally to 40° or 50® C. before 
irradiation they yield very dense fogs. 

The less volatile substances also showed fog formation wdien heated 
considerably prior to irradiation, or when heated by very prolonged ir- 
radiation. Correspondingly fog formation is not observed when the vacuum 
samples of ether, benzene, toluene, etc., are cooled down considerably 
prior to irradiation. The temjierature where fog formation stops, de- 
pends upon the nature of the liquid (and to some extent upon the energy 
applied). Benzene and water, e.g,, do not yield fogs, when ccxded to 4® and 
o® C. respectively ; ether must be considerably colder to prevent fog for- 
mation. 

C. Bondy and K. Sdllner, Trans. Faraday Soc., 1935* 3 ** "'^ 35 : 

• K. Sollncr and C. Bondy, Trans. Faraday Soc., 193b, 3a, 616 ; H. Freundlich 
and K. Sdllner, Trans. Faraday Soc., 1936, 32, 966. 

’ For this reason all experiments with pressure ** • have so far been performed 
with high columns of liquid or gel, thus preventing saturation at the critical spot. 
The meniscus, being in contact with the compressed gas, was always found to be 
a locus of cavitation. Just as the formation of fogs cannot be prevented by g^ 
pressure, so emulsification cannot be prevented if just a drop of a second liquid 
floats on the top of another and gas pressure is applied. 
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Thus, we see that the difference between the more and the less vola- 
tile substances is only due to the temperature limit, below which the for- 
mation of fog in vacuo (more correctly its formation in the absence of 
a foreign gas), does not occur on irradiation. 

The effect of lowering the temperature is not found in presence of a 
foreign gas, the influence of which may be seen even at such fairly low 
pressures as 20 or 50 mm. Hg, depending upon the substances under in- 
vestigation, the temperature (so far it affects viscosity) and the energy 
applied. 

The simplest explanation of these facts is to assume that cavitation 
may be rendered effective not only by a foreign gas but also by a suffi- 
ciently high vapour pressure of the irradiated liquid itself, acting in the 
same way as the “ gas pressure ” mentioned so often in previous papers. 
This theory of fog formation also agrees with the fact that the liquid/air 
interface has always been found to be the locus of the most intense 
cavitation effect . ^ 

The effect of the vapour pressure of the irradiated substances was 
demonstrated by the following experiment : a scaled test-tube contain- 
ing, e.g., a few c.c., each of carefully degassed benzene and water, yields 
no emulsion on irradiation, even at very high energies.® But on heating 
the whole test-tube, e.g.^ to 50® or 80*^ C., emulsification sets in at once on 
irradiation (even wdth medium energ>^) and soon both layers of liquids 
are turbid, first the benzene and shortly afterwards also the aqueous 
phase.® It also l)ecomes clear now why after very prolonged “ irradia- 
tion in vacuo ” a slight emulsification is often noticed. 

One may therefore safely conclude that the formation of fogs is due 
to the same mechanism as all other disruptive and destructive effects in 
non-metallic systems, i.e. to cavitation,” ® In these systems a gas 
pressure is always necessary to render cavitation effective ; usually it 
is due to the presence of a foreign gas but it may also be due to the 
vapour pressure of the li(juids themselves, provided it is not too low. 
Though cavitation is less vigorous it is still sufficient to produ^'e effects. 
The close parallelism between emulsification and fog formation is ob- 
vious.® 

• Kmuisification — preferably in the aqueous phase — at increased temperature 
in vacuo ’* is not nearly so strong as at room temperature under atmospheric 
(equilibrium) pressure. But emulsification under equilibrium pressure at in- 
creased temperature is also less strong than at r(X)ni tenqKjrature. This may 
be due in part to the lower viscosity, and also ti> the reduced \ igour of the collapse 
of the cavities. Emulsification ** in vacuo ” is increased if the whole test-tube 
containing the liquids is heated so that the pressure over the liquid is not reduced 
by condensation on the glass. 

•Vehement ultrasonic vibrations may also produce fogs of liquid metals. 
When a drop of mercury or molten W^ood’s metal is allowed to run down inside 
a collector tube, as described before, a cloud of dispersed metal is formed inside 
the collector at high energies. The mechanism of this dispersion process seems to 
be quite difierent from that holding for non-metallic substances, in analogy with 
the diflerence of the two mechanisms of the formation of emulsions in water/oil 
and water/metal systems rcsi>cctively. (C/. C. Bondy and K. Sdilner, Trans. 
Faraday Soc., 1 93 1 , 3 1 , 843.) The formation of metal fogs is not due to cavitation, 
as it occurs also in vacuo. Probably the liquid metal is thrown from one side to 
the other of the constriction, the continuous impacts breaking down the drops, 
the finest ones being finally driven away by the air currents thus forming a visime 
cloud. 
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IV. 

The insight into the mechanism of log formation by ultrasonics may be 
of some importance, when trying to develop this method (using liquid 
energy transmitters) on a technical scale or for calling forth still bigger 
effects. 

We can now link up the breaking of quartz oscillators as it happened 
twice to the author at the beginning of his investigation in a reasonable 
manner with the formation of a strong fog in the oil bath. The latter 
appears when cavitation is strong in the oil bath. But when this happens 
the limiting value of the energy transmission is reached,*® the excess energy 
can no longer be transmitted, the quartz oscillators vibrating more and 
more vigorously ; finally it breaks. Quartz oscillators vibrating in air 
(where the energy transmission is very pcxjr) must not be excited with more 
than a few watts, otherwise they crack, but in an oil bath they stand the 
application of several hundred watts for practically unlimited time. 

Hence, to keep the quartz intact energy densities clo.se to those where 
fog is formed in the oil bath are to be avoided ; and a substance with a 
low vapour pressure at room tem]>erature, such as paraffin-oil, is suitable 
as oil bath, in agreement with our experience ; it ought not, however, to 
have too high a viscosity, as the damping of the vibration.s increases with 
higher viscosities. 

From a purely theoretical point of view it would therefore be advisable 
to use as oil bath a cart'fullv degassed, not too viscous liquid with a high 
boiling-point under a considerably hydrostatic pressure contained in a 
vessel closed all round — a device not easily realised, h'urthermore tht‘ 
ideal liquid ought to have a high specific gravity and a great sound velocity, 
to increase the energy transmission from one pha.se to the other as much 
as possible. 

My heartiest thanks are due to Professor H. Freundlich for his con- 
tinuous interest in this work and his helpful criticism. I am also 
greatly indebted to Professor F. (j. Donnan, F.R.S., for his generous 
liospitality. 


Summary. 

1. The formation of fogs of non-metallic liquids by ultrasonic waves is 
due to the same mechanism as all the other disruptive" and destructive c fleets 
of ultrasonics, namely to cavitation, or more correctly to the vehement 
collapse of cavities. 

2. This collapse may be brought about by an external gas pressure or 
in the absence of a h/reign gas by the vapour pressure of the irradiated 
liquid itself, provided that this vapour pressure is not too small ; for this 
reason fog formation stops at low temperatures in absence of a foreign gas. 

3. The fact that the vapour pressure of irradiated liquids — in absence 
of a foreign gas — can effect the collapse of cavities explains also the fact 
that at higher temperatures the process of emulsification proceeds also '‘in 
vacuo," i.e., in absence of a foreign gas. 

4. The importance of fog formation in the oil bath for the technique 
of ultrasonics and for its further development is shortly discussed. 

The Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry ^ 

University College, London, W,C, i. 

^® Cf, preferably the papers of R. W. I3o>ic and co-workers, e,g. 3oyle, Sc iena^ 
Progress, 1928, 23, 75 ; Trans. Roy. Soc. Can., 1922, 16, 157 ; Boyle and Taylor, 
Physic. Rev., 1926, 37, 518 ; Boyle and Froman, Report Can. Research Council 
June, 1927. 

Cf. e.g., the comprehensive account on energy transmi.ssion by E. Hiedemann 
in Ergeb. exakt, Naturwiss., i935. M. ^^27 11, 



EXPERIMENTS TO DEMONSTRATE CAVITATION 
CAUSED BY ULTRASONIC WAVES. 

By Karl Sollner. 

Received 26th July^ 1936. 

In some previous papers it has been shown that all the disruptive and 
destructive phenomena caused by strong ultrasonic waves in non- 
metallic systems must be attributed to “ cavitation.” ^ 

If a liquid is by some means stretched unduly it disrupts, cavities are 
formed, and when now an external force, e.g., hydrostatic pressure acts 
upon these cavities, they collapse vehemently — according to Lord 
Rayleigh the total volume energy of the cavities is thus concentrated in 
a very small spot. This whole process, the formation and the vehement 
collapse of cavities, was called ** cavitation.” ^ 

That cavitation occurs when irradiating a liquid system with ultra- 
sonics of high energy was deduced from theoretical reasons and from 
many cases of (experimental) analogy. 

Cavitation was actually observed some sixty years ago by Kundt and 
Lehmann,* when experimenting with sound waves, as ensues from their 
statement : ‘‘ While the whole system was vibrating vigoriously we 

several times noticed that the water close to the end of the vibrating rod 
turned turbid. Since it was entirely free from air, these small bubbles 
causing the turbidity could only be due to the disruption of the water 
[Zerreissen in kleine Partien) under the influence of these intense vibra- 
tions.” Cavitation in a streaming liquid also was demonstrated by 
Osborne Reynolds,* 

So far, however, cavitation has not been actually seen with ultra- 
sonics, because we were mainly interested in two-phase systems [e.g., 
when studying emulsification) when experimenting with ultrasonics of 
high energy. The phenomenon was soon observed visually when in- 
vestigating the formation of fogs,* where only a single phase is irradiated 
and no opacity hinders the observation as is the case when emulsions 
are formed. 

The experiments must be carried out with degassed liquids to avoid 
the formation of gas bubbles when irradiating. To ensure this the liquids, 
contained in big test-tul)es, are kept in the vacuum of a filter pump and 
the tube knocked with a piece of wood for a con.siderable time until, when 
the gas is driven out sufficiently, the glass tube starts vibrating and emits 
a muvSical tone. (The knocking has qualitatively the same effect, as the 

^ C. Bondy and K. SOllner, Trans. Faraday Soc., 1936, 31, 835 ; H. Freundlich 
and K. SOIlner, ibid., 1936, 3J, 966 ; K. Sdllner, see preceding paper. 

• ” Cavitation ' must not be confounded with the degassing action of sound 
waves, which is sometimes called cavitation in the literature. 

•A. Kundt and O. I-ehmann, Ann. (Pogg.), 1874, 153, 1. 

*See historical introduction, C Bondy and K. Milner, Trans* Faraday Soc., 
1936. at page 836. 

* See preceding paper. 
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sound waves — ^the liquid is stretched ; for the same reason, superheated 
liquids start boiling on tapping.) 

The phenomenon described below is best seen with liquids of not too 
high a boiling-point, e,g,, benzene and toluene or, preferably, water at a 
shghtly higher temperature ; nitrobenezene, e,g,, has to be heated (40-50® C.) 
to give well-visible results. 

Not too short columns, 10-40 cm. high, of liquid are filled into U -tubes 
of moderate diameter or into long test-tubes. Before beginning the 
experiment it is advisable to irradiate for several minutes with high energy 
(100-130 mA.) to drive out the residue of gas invariably present. 

When the liquid in these tubes is observed now (in transmitted light) 
whilst the energy applied is gradually increased, first a formation of fog is 
seen at the surface ; with somewhat higher energy (best to be seen in 
narrow tubes) a few bubbles are formed at more or less regular half-wave 
distance from the surface, and the hissing noise, always to be heard when 
cavities collapse, increases. On stopping the irradiation suddenly the few 
bubbles rise to the surface. This hissing noise is a very helpful practical 
indicator as to the efficiency of irradiation. Although its loudness differs 
for dififerent systems at the same intensity of irradiation since the readiness 
to cavitate differs with different systems — it is characteristic for each 
system. (So when trying to get reproducible results in a serial investiga- 
tion, the test-tubes containing the different specimens are always dipped 
into the oil fountain in such a position that the same (maximum) noise is 
heard.) 

With still higher energy the noise increases still more and slightly 
opaque and glittering zones are formed. In the narrow tubes they often 
have the form of a narrow funnel, which seems to f>e fixed to the glass 
wall. Obviously cavitation starts here at a spot on the wall where the 
disruption occurs more easily, due to some impurity, the adhesion being 
smaller than the cohesion of the liquid. 

In these opaque zones a strong upward movement is to be .seen. In 
the wider tubes the slightly glittering zones of opacity often move vigor- 
ously upwards and vanish suddenly. Hardly any, very small ga.s bubbles 
and in the best experiments none at all seen emerging from the.se zones of 
opacity. As soon as cavitation starts vigorous movement sets up in the 
interior of the liquid, as well as vigorous movement of any suspended 
impurities. So when experimenting with a diluted suspension in a narrow 
tube the zones of accumulation always formed in the middle of the tube 
are destroyed at once. 

The whole phenomenon — although the opacity is considerably smaller 
— has the same appearance as the phenomenon of Osbt^rne Reynolds 
mentioned above ; one has the impression that the water is disrupted 
internally. One is obviously here dealing with the same phenomenon as 
described by Kundt and Lehmann • for lower sound frequencies, i.e.^ oni* 
is observing true cavitation as defined above. 

As usual • cavitation is rendered impossible, when a sufficiently high 
gas pressure is applied (the liquid being degas^), the zones of opacity 
are not formed any longer. In vacuo also the phenomenon ceases, 
bubbling and boiling of the liquid setting in. 


Summary. 

Cavitation by ultrasonic waves may be made directly visible, if long 
columns of degassed Uquids are irradiated with high energy. Slightly 
glittering zones of slight opacity, which disappear without producing gas 
bubbles, are formed in the liquid when it disrupts, due to the stretching 
by the ultrasonic waves. 

• Loc. cit.^ and K. SOllner and C. Bondy, Trans, Faraday Soc., 1936. 
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THE DIFFRACTION OF ELECTRONS BY 
MOLYBDENITE. 

By G. I. Finch and H. Wilman. 

Received lyd July, 1936. 

L Introduction. 

Impurities in one form or another are now well recognised as a source 
of extra ” rings in electron diffraction patterns.^* ® We have, 

however, recently obtained ** extra ” diffractions from graphite under 
conditions which were shown to exclude impurities as a possible origin, 
and have found further that such “ extra ** diffractions were in some way 
connected with the extreme thinness of the graphite flakes examined.’* ® 
It was concluded that these “ extra ” diffractions obtained from graphite 
were due to the fact that in thin flakes the graphite lattice, though 
virtually unbounded in the cleavage plane directions, is limited in the 
remaining dimension by the thinness of the crystal, thus giving rise to 
diffractions of fractional / index, and also to diffractions of integral I 
values, but otherwise forbidden by considerations of structure factor as 
applying to the unlimited lattice. The close agreement obtained between 
the observed and calculated spacings corresponding to the “ extra ’* 
diffractions of graphite supports this view. 

In a previous communication * we described the effect of rotation of a 
thin mica ciy^stal about an axis perpendicular to the beam. It was then 
observed that the normal hexagon pattern appeared to elongate con- 
tinuously with rotation of the specimen. The phenomenon was not 
recorded photographically, however, wdiich was unfortunate, because the 
mica crystal was very thin, yet appeared to l>e exceptionally free from 
distortion and had, furthermore, been so successfully mounted in the 
axis of the specimen carrier stem that the crystal remained in the beam 
during rotation through a relatively large angle. Darbyshire and 
Cooper,® using bent mica crystals, sought for but failed to observe the 
phenomenon, which should give rise to streaks in the pattern. This 

' Finch, Proc. Physic. Soc., 1934, 47, 123* 

• Finch, Qiiarrell and Wilman, Trans. Faraday Soc., 1935. 1050. 

• Mark, Motz and Trillat, Naturwiss., 1935. 3^9- 

• Finch and Quarrell, Nature, 1935. 136, 720. 

• Preston and Bircumshaw, Phil. Mag., i93<>. 7*3- 

• Aylmer, Finch and Fordham, Trans. Faraday Soc,, I936» ^^4* 

’Finch and Wilman, Nature, 1936, 137, 271. 

• Finch and Wilman, Proc. Roy. Soc., A, 1936, I55* 345* 

• Darbyshire and Cooper, Proc. Roy. Soc., A, 1935. 
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might, however, have been due to the considerable thickness of their 
specimen ; thus Darbyshire and Cooper’s mica pattern shows strong 
Laue zone spot intensification, and their mica crystal must therefore have 
been much thicker than ours. However this may be, we have since then 
recorded ® streaks passing through diffraction spots in certain trans- 
mission patterns from graphite crystals which were so thin as to be 
practically transparent and colourless. 

These new phenomena of “ extra ” diffractions and streaks obtained 
with very thin crystals are of such fundamental importance in their 
bearing upon the mechanism of electron diffraction and the interpretation 
of the pattern that we have turned our attention to the diffraction of 
electrons by other layer lattices with the object of submitting our 
previously advanced views * to further experimental test. In what 
follows an account is given of the diffraction of electrons by thin flakes 
of molybdenite, a mineral of relatively simple lattice structure. Patterns 
from mica w^ere also obtained ; though unsuitable for quantitative dis- 
cussion, owing to the complexity of the structure, they served to illustrate 
more generally the effect of flake thickness upon the pattern. 

2. Experimental. 

Camera No. 2 (Cambridge) was used. The effective camera length and 
beam accelerating potential were about 50 or 28 cms. and 50 KV. respec- 



Fig. I. — Anode 
Diaphragm. 

tively. A new type of anode diaphragm was employed in order to obtaiTi 
the high degree of resolution aimed at as necessary for significant measure- 
ment of the diffraction patterns. A 32 S.W.G. nickel or platinuum disc 
was perforated by driving the point of a fine needle, embedded in a cork as 
guide, through the disc resting on a thick sheet of aluminium. The disc 
was then firmly clamped in the brass diaphragm holder, Fig, i . 

Two excellent specimens of gangue-free molybdenite were selected for 
us by Dr. Jones from the Royal School of Mines collection. Single crystals, 
suitable for transmission, were prepared in the manner previously de- 
scribed • ; they were so thin as to be translucent and varied, according to 
thickness, between almost colourless and dark reddish-brown. 
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3. The Structure of Molybdenite. 

Molybdenite has a hexagonal layer structure.^®* The co-ordinates 

of the molybdenum and sulphur atoms in molybdenite are (1/3, 2/3, 1/4) ; 
(2/3. i/3» 3/4) J and (1/3, 2/3, u) ; (2/3, 1/3, w -f 1/2) ; (2/3, 1/3, -«) ; 
(i/3» 2/3, 1/2 — u) respectively, where m = 0*62. Hence the structure 
may be regarded as built up of layers, each consisting of a plane hexagonal 
network of molybdenum atoms sandwiched in betw'een two similar networks 
of sulphur atoms. The projections of the molybdenum atoms pass through 
the centres of interstices in the sulphur sheets, the atoms of which are 
directly superimposed. Successive layers are so ordered that the sulphur 
atoms of one layer lie on projections passing through the centres of the in- 
terstices of the sulphur sheets in the neighbouring layers. WyckofiE 
gives the dimensions of the unit cell as a = 3*15 A and c = 12*30 A. 

Yaxnaguti and Aminoff and Broom6 have obtained electron dif- 
fraction patterns of the cross-grating type from molybdenite but observed 
only normal spectra. 

4. The Results from Molybdenite. 

Molybdenite crystals of in all eight different orders of thickness were 
examined. The corresponding colours in transmitted white light and the 
types of diffraction pattern yielded are given in Table I. 

TABLE I. — Properties of Molybdenite Transmission Crystals. 


Colour. 


Almost 

colourless. 

Very pale 
yellow. 


Approximate Radius of 
2 /ao Order Zone (£,»a8 
cms. and ^>•50 KV.) In cm. 


Other Features. 


Estimated Order 
of Thickness 
in A 


<^40 


Indefinite, as zero 
and first orders 
zones coalesced. 


Brilliant cross-grat- 
ing patterns, excep- 
tionally free from 
background. 


<40 


Pale yellow. 


<40 


Light 

olive-green. 


1-5 


First order Laue zone 
very faintly defined. 




Olive-green. 


i-o 


Faint first order Laue 
zone. Traces of 
Kikuchi lines. 


Dark 

olive-green 

(brownish). 


0*7 


Narrow first order 
Laue zone ; a few 
faint Kikuchi lines. 


> 100 


Light brown. 
Brown. 




Background becoming 
prominent ; clear 
Kikuchi lines. 


^ 100 


Red. 


Strong background. 


I^obably 
> 1000 


The thickness of the ffakes of light olive-green colour was estimated 
from the extent of the Laue zones of bright spot.s in the diffraction pattern 

Dickinson and Pauling, /. -^wi. Chem, Soc., 19^3» 45* 14^^- 
HasiN'l. Z, Krist., 1023, 61, 92. 

Natta. Gazr. chim. ittil., 1926, 56, 051. 

Wyckoff, The Struc 4 ure of Crystals, 1931. 2nd ed.. New York. 
Yamaguti, Proc, Phys, Math. Soc, Japan, 1932. 14, 57. 

Aminoff and Brooms, Z, Krist., 1935. 9L 77* 
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as being of the order of three unit cells,* though in view of the double 
scattering which almost certainly occurs this is probably somewhat of 
an underestimate. The pale yellow, very pale yellow and almost colourless 
flakes were evidently successively still thinner, as was shown also by the 
progressive increase in extent and brilliancy of the corresponding cross- 
grating patterns and the extreme fragility of such specimens. 

(a) Multi -spot Patterns from Thin Crystals. — Thin, pale yellow 
crystals adhering by only one edge to the thicker material gave patterns, 
when stationary, of the type shown in Fig. 3. Even under a low mag- 
nification, it was evident in the microscope that such crystals were much 
crinkled and tom and, indeed, distorted to such an extent that practically 
all normal diffractions might be expected to occur, no matter how the 
crystals were set up in the beam. The analyses of Fig. 3 and of two other 
patterns of similar type obtained from different .specimens are summarised 
in Table II. 


TABLE II. — Analysis of Patterns from Crinkled Molybdenite Flakes. 


tfinA. (Electron 
Diffraction 
Kesults Reduced 
to 

(rf,i,)-i*575 A.) 

Number of 
Diffractions 
Measured. 

Indices of 
Normal 
Diffractions 
in Agree- 
ment with 
X-rays. 

Possible Indices of 
Anomalous Diffractions. 

i in A. Corresponding to Indices 
Assigned to the Anomalous 
Diffractions. 

9*50 

^ 1' 




1 

9-38 

4 1 





8-i8 

I 





7*37 

2 





6*31 

3 





590 

2 





5-83 

5 





5-68 

2 





5-40 

2 





5-^8 

2 





519 

2 





5-02 

I 





4 ‘8 o2 

4 





47t)9 

2 





4-495 

4 





4-469 

4 





4'434 

5 





4-282 

3-812 

37^8 

9 

S ! 
() 


These anomalous diffractions lying within the 100 ring are 
unexplained. They are not due to grea.se, with the spaciiigs 

> 

of which they have nothing in common, but appear to be 

3-700 



associated in some way with strong distortion of thin MoS^ 

3*^37 

3*587 

5 

2 


crystals. 

3560 

2 





3*534 

2 





3*458 

2 





3*387 

3 





3*327 

2 





3*245 

4 





3-228 

3 





3*193 

8 





3*174 

5 





3-142 

3 





3*081 

3 





3*050 

1 





2-966 

3 





2-944 

2 





2-845 

3 





2-796 

2 





2-766 

3 - 






Finch and Sun, Trans. Faraday Soc., 1936, 3a, 832. 
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dm A. (Blectron 
DiibacUoa 
Results Radoced 
to 

(rf(ns )-**575 A.) 

Number of 
Difiractiona 
Measured. 

Indices of 
Normal 
Diffractions 
in Agree> 
ment with 
X-rays. 

Possible Indices of 
-Anomalous Diffractions. 

d in A. Corresponding to Indices 
Assigned to the Anomalous 
DjffracUeoB. 

2729 

10 

100 



2695 

I 


loj ; 10^ ; lof 

2*690 ; 2*702 ; 2*694 

2*663 

II 

101 


2635 

2 


loj ; 10^ ; 10?, 

2*629 : 2*636 ; 2*641 

2*539 

2 


104 ; 10^ 

- 2*544 ; ^*534 

2*496 

13 

102 


2*440 

2 


lot 

2*440 

2*425 

1 


m 

2*422 

2*393 

3 


lOl 

2*387 

2*375 

1 


10 Y ; loV 

2 - 3&3 ; 2 - 37 ° 

2*352 

2 


io| : loV 

2-358 ; 2-356 

2*340 

2 


IO‘»'^ 

2-337 

2*320 

4 


;iov ; loV 

2-328 ; 2*317 

2*308 

2 


10 V 

2*309 

2*295 

2*285 

9 

1 


loV* 

loV 

2*303 

2*286 

2*271 

12 

103 



2*251 

3 


? 

1 2-243 

2*243 

9 


10 V 


2*223 

6 


loY 

2-224 

2*203 

5 


10 Y ; 10 Y ; loV 

2-193 ; 2-212 ; 2-205 

2*183 

3 


loY ; io*V 

2-178 ; 2*183 

2*165 

2 


10 V 

2*171 

2*150 

i 


lOi 

2*156 

2*140 

3 


10 Y : loV 

2*133 ; 2*137 

2*132 

1 


10 V ; 10 V 

2*133 ; 2*126 

2*n6 

6 


10 V ; ioV> 

2*117 I 2*115 

2*087 

4 


10 Y ; loV ; io‘V 

2*097 I 2*o86 ; 2*078 

2*065 



loV ; loV 

2-073 ; 2*068 

^•037 

2 

104 


2*Ol8 

2 

loy ; 10 V 

2*OoS ; 2*012 

1*998 i 

I 


lo'-^ii* ; lo'Y 

1*996 ; 2*002 

1*984 1 

1 


10 Y ; loV 

1*984 ; 1*976 

1*950 

3 


loV* ; loV 

1*952 ; 1*946 

1-865 i 

1-856 

1 

2 


10 V 

loV ; loV 

1 1*807 

1*860 ; i*86o 

1*827 

8 

105 

j 

1*799 

4 


10 V ; loV 

1*793 ; 1*798 

1*787 

I 


10 V 

i*;86 

1*749 

2 


loV 

1*750 

1*730 

I 


loy 

1*729 

1*687 

2 


lo’Y 

1*681 

1-677 

i 


loY 

1*674 

1-636 

6 

io6 

I *608 

4 


10 V ; 10 V 

1*603 ; 1-609 

1*595 

4 


loY 

1*595 

1*575 

11 

no 


1*562 

9 


III 


1*543 

1*526 

2 

14 

112 

loV ; tii ; III ; n! 

1-554; 1-547; 1*536; 1*543 

1 * 5126 . 

1 


loV : Hi : iij ; iiV 

1*513; 1*509; 1*513; 1.515 

1*499 

1*477 

2 

3 

107 

loV ; 10V ; iij : II Y 

1*507 ; 1*502 : 1*501 ; 1*494 

1*471 

6 

113 


1*452 

1*428 

1*416 

1*403 

I 


io*Y ; loVm Y ; nV 

1*449 ; 1*452 ; 1*448 : l *454 

3 


loV ; 11 V ; II V 

1*429 ; 1*426 ; 1*431 

2 

5 

114 

iOV ; II Y ; II Y i 11 V 

1*419 ; 1*419 ; 1*416 ; 1*416 
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4 in A. (Blaotioa 
Diffraction 
Roinltt Reduced 
to 

(<i(Uf)-x*375 A.) 

Number of 
Diffractions 
Measured. 

Indices of 
Normal 
Diffractions 
in Agree* 
ment with 
X-rays. 

Possible Indices of 
Anomalous Diffractions. 

i in A. Corresponding to Indices 
Assigned to the Anomalous 
Diffractions. 

1-393 

2 


iiV 

1-389 

1-376 

1 


iiV 

1-377 

1-364 

8 

200 



1-353 

7 

201 



I-34I 

2 

108 



1-332 

9 

202 



1-323 

2 


II5 


1-314 

1 


2o| ; iiV i JiV 

1-315 ; I-3IX ; 1-313 

1*294 

13 

203 



1*282 

3 


20 V ; 20 V ; 20*5'* ; 1 1 V* 

1*279 ; 1*283 ; 1*285 ; 1*280 

1*275 1 

2 


20V ; uy 

1*276 ; 1*275 

1*268 1 

4 


20^ : 20^^* ; II V 1 iiV 

1*271 ; 1*267 ; 1*269 ; 1*264 

1*259 

3 


20^4* : 20V' : 11 V 

1*259 ; 1*257 ; 1*262 

1*249 

13 

H6, 204 



1*241 

3 


20 V ; 20 v 

1-237 ; 1-138 

1-233 

2 


20V ; iiV 

1*234 : 1*233 

1*224 

3 

109 



1*205 

3 




1*192 

13 

205 



1*183 

2 


2o*j® : 20V’ ; 20V ; 1 1 V 

1*179 ; 1*182 ; 1*183 ; 1*185 

1*171 

3 


117 


1*162 

2 


20V : 20 V ; 1 1 V ; ^ V 

1*165 : 1159 ; 1-159 ; 1*160 

I-I55 

2 


2oy 

1-155 

1*148 

3 


20 V ; 20 V : nv 

1149 ; 1 147 : 1*148 

1-145 

2 


20 V 

i‘»45 

i*i3« 

6 

206 



1*132 

2 


iiV 

1*120 

1*127 

2 


iiV 

1*124 

1*122 

3 

1 .0. 10 



I *106 

6 


20 V 

1*100 

1*097 

9 

n8 



1*082 

3 


20V 

1*087 

1*076 

4 

207 



1-031 

10 

120, 119 





I.O.II 



1*027 

4 

121 



1*017 

10 

122 



0*999 

12 . 

123 



0*988 

I 

124 




and many more diffractions extending down to d ™o*8A. 


On partial rotation these distorted crystals yielded patterns of arcs, 
spots, streaks and faint-banded areas which were similar in type to those 
previously obtained from graphite.” 

(b) Patterns from Thin Crystals of Simple Uni -axial Curvature. — 
Some nearly colourless or pale yellow flakes supported on two, and some- 
times on three, sides by massive material were obtained. Under the micro- 
scope, in reflected light, some of these appeared to be curved about only 
one axis, which was parallel to the cleavage plane. Fig. 4 was obtained 
from such a crystal which, judging from the elongation of the central hexa- 
gon pattern, was evidently so mounted in the camera that the axis of cur- 
vature was not normal to the beam. 


Finch and Wilman, Proc, Roy. Soc., A, 1936, 155, PI. 7, Fig. 9. 




Fig. 



I'lG. Traiunns'^ion through distorted M0S2 flakes, 30 cm. 

^6Vr p(v^c 15^2. 



"Transmi.ssion thronjjh a imiaxiallv curved MoS* crystal ; axis of cur\ti- 
ture parallel to cleavage plane, but inclined to beam, L - 50 cm. 

[To face page 1544. 




Pxt,. TK'arly normal to cif.uam* plain* ot a oli\ t- ^Mrc n MoS, 

crystal. Note fairil first Lam- onU-r /one. L - /S can. 



ITjc;. ri. — Rotation transmission through an undistortecl MoS* crystal ; cleaxage 
jjlanc inclined at to axis of rotation normal to beam. /. 50 cm. 


[To /are pa^e 1545, 
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(c) Diffraction by Thin Undistorted Crystals. — ^The thinnest (colour- 
less, or very pale yellow) molybdenite flakes were so sensitive to injury, 
even by slight air currents, that the only crystals of this thickness which 
could be mounted in the specimen carrier without distortion or rupture 
were those which after cleavage spanned a cleft in a thick opague flake and 
were thus well supported on at least three sides, h'ig. 2 is a sketch of one 
such specimen which appeared to be quite flat and thus free from distortion 
when viewed in reflected light under the microscope. With the beam 
normal to and traversing the light olive-green section it yielded the pure 
cross-grating pattern, Fig. 5. The corresponding pattern from the yellow 
and colourless sections were similar, except that being almost entirely free 
from background they were of remarkable brilliancy and showed no signs 
of spot intensification, even in the first Laue order region, and were 
therefore considerably thinner than the light olive-green section. Spot 
patterns obtained from any of the three thinnest sections with the cleavage 
plane of the stationaiy' crystal inclined to the beam were similar in type to 
Fig- 5, except that the hexagonal pattern of spots was elongated in the 
direction of inclination. 

(d) Rotation Patterns from Undistorted Crystals. — The above and 
other undistorted crystals were mounted as accurately as was found 
practicable with the cleavage plane in the axis of the specimen carrier stem, 
which w'as rotated during exposure through a range of up to about 50® on 
each side of the position where the cleavage plane was normal to the beam. 
Fig. 4 was obtained, as stated in §4(6), with a stationary crystal exhibiting 
simple curvature ; but it is also characteristic, in so far as concerns the 
elongated streaks, of the type of partial rotation pattern recorded with an 
undistorted crystal mounted with the cleavage plane in the axis of rotation. 
Ill further experiments, similar rotation patterns were obtained from these 
undistorted flakes, the axis of rotation being still normal to the beam and 
]iassing through the cr\\stal which, however, had been so mounted that the 
cleavage plane was inclined more or less steeply to the axis of the carrier. 
In the case of the patterns Figs. 6 and 7, the cleavage planes were at angles 
of abf>ut 28 and 70'^ respectively to the axis of rotation. 

The spacings of the diffractions visible on several of the streaks in Figs, 

O and 7 agree reasonably well with corresponding values incorporated in 
Table II. Not only normal but "forbidden*' and 'fractional order" 

( ' extra ") diffractions wore also well represented but, owing to the in- 
tensity of the streaks and the elongation of the spots produced by tolerance, 
these relatively weak diffractions do not lend themselves to such accurate 
measurement as do patterns of the type reproduced in Fig. 3. The cor- 
responding spacing determinations have accordingly not been incorporated 
in Table II. 

(e) The Effect of Crystal Thickness on the Patterns. — Figs. 4, 6 
and 7 liave in common the remarkable feature of continuous lines joining 
up groups of diffractions. In all these cases the crystals were so thin that 
little or no signs of Laue zone spot intensification could be detected. These 
streaks do not apjxjar in otherwise similar patterns from molybdenite 
specimens which were sufficiently thick to show clear Laue zone effects. 
Thus in rotation patterns from translucent olive-green ciy^stals, continuous 
lines were only occasionally faintly visible and were completely absent in 
the case of the dark olive-green, light brown and still thicker crystals, but 
became increasingly well-marked on proceeding from the light olive-green 
to the colourless crystal sections. 

5. The Axial Ratio of Molybdenite. 

The observed values of the spacings as set forth in Table 11, lead to a 
correspondingly accurate value of the axial ratio of molybdenite in the 
form of thin crystals. Taking = i’575 and combining with 
and where I is < and preferably > (A + k), in order to take advantage 
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of the greater accuracy of large angle intersections, we obtain in the manner 
previously described * the values for cja as set forth in Table III, 

Hence by electron diffraction the 
mean value oi cja — 3*904 in the thin 
crystal, compared with 3*905 found by 
X-rays for the massive substance. 
Since any appreciable Lennard-Jones 
effect is most unlikely in the cleavage 
plane directions, a should be independ- 
ent of crystal size ; we may therefore 
conclude that the value of c is independ- 
ent of the crystal thickness, because 
the X-ray results were obtained with 
relatively thick crystals. 

6. Diffraction by Mica. 

Transmission specimens of quite ex- 
ceptional area could be cleaved from 
high-grade “ ruby '' mica of Indian 
origin, a particularly good batch of 
which was recovered from a broken- 
down high-tension condenser. The 
hakes were picked up on wire frames, 
lightly smeared with “ Seccotine " and 
suitably shajx'd to support the crystal 
from two opposite sides. The apjxar- 
ance of such films and the types of 
diffraction patterns yielded on trans- 
mission are classified for brevity in Table IV. 

Although the areas of the largest molybdenite s|>ecimens were in general 
much less than those of the mica films of approximately similar thickness, 
it will be seen on comparing Tables II. and IV. that what were in all likelihoocl 
much tlie thinnest flakes were obtained from molybdenite. Thus, whilst 
with molybdenite no great difficulty was experienced in obtaining three 
grades of thickness decreasing from that giving rise to faint signs of Laue 
zones, with mica we have only twice succeeded in cleaving and mounting 
an undistorted crystal exhibiting no first Laue zone effects and of an area 
sufficiently exceeding the beam cross-section for purposes of rotation. 

The rotation patterns yielded by the two thinnest undistorted mica 
crystals reproduce in all essentials the phenomena observed in the case of 
molybdenite. Thus the thinnest mica crystal obtained in the course of 
these experiments gave rise to a pattern recording strongly marked streaks 
joining families of diffraction spots ; when the thickness was such, however, 
that even faint signs of Laue zones were in evidence the streaks disappeared, 
although the spots were elongated in the directions which would have been 
followed by the streaks. To illustrate the results obtained with such a 
mica crystal and with molybdenite of similar thickness, *.e., olive green in 
colour, it will suffice to reproduce the pattern, Fig. 8, obtained by partial 
rotation of a practically undistorted mica crystal about an axis normal to 
the beam but inclined to the cleavage plane. It is easily seen that, in 
addition to a slight arcing, the origin of which is discussed in $ 7, the dif- 
fractions are elongated in the direction of the curves upon which the 
different groups of spots lie. This is the tolerance effect which, though not 
then photogiaphically recorded, had previously been described by Finch, 
Quarrell and Wilman.* 


TABLE III. — The Axial Ratio of 
Molybdenite in the Form of 
Thin Crystals. 

<f(uo) taken as 1*575 A, 
i.e., a ^ 


in A. 

Indices. 

cja . 

2*271 

103 

3 - 90 () 

2-037 

104 

3-8gi 

1-827 

105 

3*904 

1*636 

IO() 

3-894 

1*477 

107 

3 -g «3 

1*341 

loS 

3-910 

1*224 

109 

3-913 

1*122 

1,0. 10 

3-908 

1*526 

1 12 

3-<Jo8 

1*403 

114 

3-918 

1*249 

I ro 

ynoty 

1*097 

118 

3-8K7 


Mean value of c/ti ^ 3-904 




l’i». 7 \s \ n I'm but at 70 . /. 50 cm. 

[.SVt' 1545. 



Fig. 8. — T<otati transmissior tlironj?]i an undistorted mica crystal with 

cleavage plant* inclinotl u> axis. L 28 cm. 

[To face pa}:e 1546. 
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TABLE IV. — Properties of Mica Films. 


Colotir in White Light. 


Approximate 
Area of the 

Type of Diflraction 
Pattern by Nontxal 
Transmission. 

Nomul 

TnnnniMiott. 

Normal 

Reflection. 

Oblique 

Reflection. 

LaigestCryatal 
Obtainedand 
Mounted, mm.* 

? 

! 

— 

0*25 

No Laue zones. 

Pale greyish - 
blue. 

Brownish-yellow. 

Golden- 

yellow. 

6 

Faint Laue zones. 

Pale blue. 

Orange-yellow. 

— 

25 

Medium Laue zones. 

Pale yellow. 

Bright blue. 

Brilliant 

violet. 

50 

Medium Laue zones; 
faint Kikuchi lines. 

Yellow. 

Violet blue. 

Magenta red. 

— 

— 

Greenish-blue. 

Brownish-yellow . 


60-80 

Strong Kikuchi 
lines. 

Purplish blue. 1 

Olive green. 

— 


— 

Pale blue. 

Brownish -yellow. : 

G^c^en^sh. 

— 

— 

Green. 

Red. 

Green. 



I'ale green. 

Pale red. 

Green . 

500 

; Pattern wholly or 
nearly submerged 
in general back- 
ground. 

I'ale blue. 

l\'ile-ycllovvish- 
; brown. 

i 


i 

i 

Pale blue. 

j Vellow'Lsh green. 

— 


1 

i 


7. Discussion. 

In addition to spectra which are normal in that they agree with tho^e 
obtained w-ith X-rays, many anomalous diffractions from molybdenite 
have been observed and arc recorded in Table 11. 

Turning to Figs. 4, 6 and 7, in which the streaks are such prominent 
features of the patterns, we observe in the first place that these all pass 
through related series of diffractions and, indeed, that no isolated 
diffractions are to be found elsew^here than on the streaks and, since 
some of the spots on the streaks are anomalous diffractions, it follows 
that this fact by itself, like others previously recorded,® renders untenable 
any explanation of the “ extra ’* diffractions in terms of impurities. 

By postulating a slipping of cleavage planes into irregular alternations 
of the two possible close-packing arrangements of neighbouring layers, 
brought about by the operation of shearing forces during cleavage of a 
thin molybdenite crystal, we can conceive of a stable structure being 
formed which has no true unit cell. Such a structure would continue to 
give the normal cross-grating type of pattern at any setting, but whilst 
the diffracted rays from sonie of the superposed cross-gratings would 
reinforce to yield all possible diffractions of the normal unit cell of 
integral A, k and t values, both normal and forbidden by structure factor, 






1548 THE DIFFRACTION OF ELECTRONS BY MOLYBDENITE 

others would give rise to anomalous diffractions in positions corresponding, 
for the normal unit cell, to fractional I index values. Several facts, 
however, appear to negative any such explanation of the origin of the 
anomalous diffractions. In the first place, it would seem most unlikely 
that such slipping could have occurred in an undistortcd crystal flake 
securely supported on three sides, as shown in Fig. 2. Furtliermore, one 
would reasonably expect such slipping either to change substantially the 
value of the axial ratio as a whole or to make it indefinite, which is 
contrary to what has been set forth in § 5. Finally, the facts relating to 
the thickness of the c^>^stals examined lead to a further cogent argument 
against the supposition of slip distortion of the crystal as being responsible 
for the anomalous diffractions. Thus, with the light olive-green flakes, 
the breadth of the Lane zero order suggested a thickness of about 40 A. 
though, owing to the possibility of a pronounced double scattering, this 
may be somewhat of an underestimate. Since, liowever, three lesser 
grades of thickness than this have been obtained, it is almost certain that 
the thinnest, practically transparent crystals cannot have been more 
than three or four layers thick. Hence, no matter what slip-distortion 
into close-packing (and any other arrangement would be cither meta- 
stable or unstable) be postulated, it does not seem possible witli so few 
layers to account for more than a few of the anomalous diffractions in 
this way. 

We are thus driven to fall back upon the view j)reviously advanced 
in explanation of the anomalous diffractions encountered in the case of 
graphite,® Such diffractions fall into two groups. Integral indices have 
been as.signcd to the one group, conveniently termed forbidden ” 
diffractions, in the sense that their occurrence conflicts with the structure 
factor considerations as normally derived from the massive crystal, i.e,^ 
a space lattice extending virtually to infinity in all directions. Thus the 
normal structure amplitude, 5, is given by 

S =: A == Mq[2 cos 7r(/i + & + /). cos 7r(h/3 — k/3 + 1 / 2 )] 

-f- S[2 cos 7r{h + k) . cos rr{hl3 — k/^ — 2 ul) 

+ 2 cos 7T{h + k + [) , cos 77(///3 — fe/3 4- 2u/)], 

where and S are the scattering powers of the molybden\nn and sulphur 
atoms respectively, because j 5, the term involving the sines, is clearly 
always zero. Hence for ill type diffractions we have 

A ^ S .2 cos 2‘rrul[l + cos 7t(1 + 2)]. 

Thus the III, 113, 115, etc., diffractions are forbidden and do not occur 
with the massive crystal. The fact that they do, however, appear in 
our electron diffraction patterns from very thin crystals is reasonably 
explained in terms of the limitation of the lattice, and hence of incom- 
pletely developed periodicities, in directions other than those of the 
cleavage plane resulting in relaxation of the structure factor restrictions. 
It is quite possible, and indeed likely, that double scattering also con- 
tributes to the intensity of the “forbidden “ diffractions. 

The occurrence of the second kind of anomalous diffraction, con- 
veniently termed “ extra “ or “ fractional order,” is also to be accounted 
for iu terms of the same theory. In this case, however, though double 

Raether, Z. Physik, 1932, 78, 527. 

Sbinohara, Physic, Rev,, 1935, 47, 730. 

Beeching, Phil, Mag., 1935, 841* 
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scattering may still affect the intensities of the “ extra ** diffractions by 
tending to even out the intensity distribution, it cannot of course in any 
way lead to their formation. 

The considerations leading to the derivation of the fractional order 
indices for molybdenite are again based on the theorem, 

uh vk wl ^ 0, 

where w, v, w, are not only the indices of a zone axis to which the (hkl) 
plane belongs, but are also possible values of the beam indices when fast 
electrons are being diffracted by the corresponding family of parallel net 
planes ; u, v, w, h and k can have any integral values, irrespective of 
whether I thereby becomes fractional or otherwise, because, owing to the 
thinness of the crystal, the lattice is limited in the I direction, but is of 
virtually unlimited extent in the h and k directions. The indices, h and 
A, define the intersection of [hkt) with the cleavage plane ; both must be 
integral for [hkl) to pass through atom rows in the cleavage plane, and 
must be small for these to be main rows. By assigning a range of prob- 
able values to w, v, u\ h and A, we can identify the atom rows in a dif- 
fracting plane family which must be parallel to the beam to give rise to any 
particular “ extra ** diffraction but, owning to the fact that the lattice 
limitation in the c direction, i.e., the flake crystal thickness, is not knowm 
accurately, it is difficult to allow even qualitatively for the influence of 
the structure factor of the limited lattice upon the intensity of the 
fractional order diffractions. Hence, and bearing in mind also the added 
uncertainty introduced by double scattering, we consider it prudent not 
to rely on the relative intensities of the “ extra ” diffractions, but find 
that the theoretical spacings calculated from the indices arrived at in the 
above-outlined manner agree so satisfactorily with the experimentally 
determined spacings of the recorded fractional order diffractions as to 
afford further strong support of the theory of the origin of fractional 
orders as first put forward in the case of graphite. 

From Table IL it will be seen that a .series of anomalous diffractions, 
all lying wathin the 100 diffraction, still remain unexplained. Like the 
other “ extra ” and “ forbidden diffractions, however, they cannot be 
ascribed to impurities because they are not sporadic, but are a character- 
istic feature of all patterns so far obtained from strongly distorted,- ex- 
tremely thin molybdenite crystals. On the other hand, w^e have never 
observed these innermost extra diffractions with undistorted crystals, 
even on rotation. Thus it would seem that these innermost diffractions 
are in some way connected with changes brought about in the diffraction 
conditions or in the lattice by the extreme degree of distortion represented 
by crinkling. 

With regard to the origin of the streaks, it has been already noted 
that they pass through families of diffractions. Furthermore, it has also 
been pointed out that in rotation patterns they are prominent only when 
the crystals are very thin, and that with increasing thickness they become 
weaker. Hence we interpret these streaks as the result of a space lattice 
limitation in the beam direction which has proceeded nearly to the 
lowest possible limit, i.e., one layer in thickness. A single cleavage 
layer of molybdenum sulphide molecules w^ould on rotation behave 
o^entially like a true cross-grating and give practically continuous 
diffraction lines. The fact, however, that diffraction spots do appear on 
wen the most intense streaks, shows that the thinnest crystals must 
have been at least two layers thick. 
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The sharpness of the streaks, as shown for example in Figs. 4, 6 and 
7, is proof of the perfection of the atomic lattice in each sheet and of the 
exact similarity of the hexagonal arrangement in all the sheets of the 
crystal, even in the thinnest flakes so far obtained. 

The occurrence of the prominent two-dimensional diffraction streaks 
in patterns from very thin rotated undistorted, and from curved stationary 
single crystals which we have now recorded in Figs. 4, 6 and 7 and the 
extension of the spots in Fig. 8 confirm the existence of the tolerance effect 
previously noted by us.* Darbyshire and Cooper’s ® failure to repeat 
those observations with a curved crystal is now seen clearly to have been 
due to its having been too thick. The elongation of the spots and the 
direction in which it occurs is such as to establish the existence of a pro- 
nounced tolerance effect, even with a crystal which was actually suffi- 
ciently thick to show well-marked, though rather broad Laue zone effects, 
and which was therefore too thick to give rise to continuous streaks on 
rotation. With still thinner crystals the effect of tolerance becomes even 
more pronounced ; the arrows point in Fig. 4 to a streak of high and 
uniform intensity and about 3 mms. long. 

That such pronounced tolerance effects can and do arise in the case 
of thin crystals must have important effects on patterns from random 
crystal aggregates and more particularly from polycrystalline specimens 
exhibiting one degree of orientation. Thus, for example, rotation of the 
pattern, Fig. 4, about the beam would give rise to a scries of circular bands 
with more or less well-defined limits swept out by the streaks, and to 
rings of an abnormal breadth. This last phenomenon introduces an 
additional uncertainty into the problem of the estimation of particle 
size from ring-broadening, though it may be pointed out that when this 
is due to tolerance it takes place outwards, whilst broadening due to 
particle size of stationary cry^stals must occur practically symmetrically 
about the normal ring position. 

The dark, so-called “ extinction ” ring previously observed ^ with 
a polycrystalline mica specimen may well be due to the close approach 
of the outer head of an inner band swept out by a streak family to the 
inner head of a similar band but of larger diameter. 

The peculiar curvature of the streaks obtained from undistorted 
crystak rotated about an axis inclined to the cleavage plane, can be 
accounted for quantitatively. The problem is to determine the loci of 
the intersections with the screen of rays diffracted from a rotating plane 
cross-grating. We will first consider the perfectly general case of the 
grating inclined to the axis of rotation which itself may be at any angle 
to the beam, as follows : — 

In the reciprocal lattice construction for the directions of the diffracted 
beams, the pure cross-grating crystal lattice is represented by a system of 
continuous parallel lines passing through points of the normal reciprocal 
lattice of the true three-dimensional crystal which lie on rows normal 
to the plane of the cross-grating. The directions of the diffracted beams 
are then obtained in the usual way by joining the points of intersection 
of each of these lines with the Ewald “ sphere of reflection,” of reciprocal 
wave-length radius, to its centre at this distance, t.e., i/A, from the 
origin of the reciprocal lattice and in the direction of the beam source. 
In view of the short electronic wave-length and the small angles of dif- 
fraction, the section of the sphere involved may with sufficient accuracy 

Finch, Quarrell and Wilman, Trans, Faraday Soc., 1935, 31, PI. 1$, Fig. 35 
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be regarded as plane. In the present case of molybdenite the cross- 
grating is a (001) plane of atoms, and a particular [hk) line of its re- 
ciprocal lattice is represented by the line PL (Fig. 9) distant r from the 
origin 0 of the lattice ; PL and ON are normal to the cross -grating plane. 
Suppose the electron beam direction be along ZO (Fig. 10) and the axis 
of rotation of the crystal be making an angle (90 — 8) with ZO. 
Take as three orthogonal co-ordinate axes the directions OZ and OY in 
the plane of OZ and OFj, and OX perpendicular to OZ and OF. The 
Ewald sphere of reflection is then represented by the OXY plane, tan- 
gent to it at the origin 0, and we require the locus of the point of inter- 
section of the line PL with the plane OXY as PL rotates with the cross- 
grating about the axis OFj. 

Let the cross-grating normal ON be inclined at an angle ^ to the axis 
of rotation OY^. Take another set of orthogonal axes formed by OX^ 
along OX, OYi, and OZi perpendicular to OXi and OFj, and consider 


5eam 

T 



Fig. 9. Fig. 10. 


the position of the cross-grating in which OP, the perpendicular from 
0 to the [kk) reciprocal lattice line, lies in the OXi Fj plane at an angle 
ff to OY^. The values of rj, S and r are constant for a given (hk) line 
and a given orientation of the rotation axis relative to the cross-grating 
and to the beam direction. 

P has co-ordinates (r sin y, r cos rf, o), and the direction cosines of 
OP with respect to OX^Y^Zi equal to (sin ly, cos o). The line PL 
passes through P and, if its direction cosines are (u, v, w), its equation 
with respect to OXiYiZi is 

Xi - r sin V _ y,:^r cos ^ ^ .. 

U V w 

whence d* = + yi* + V + ^ sin rj — • cos 17. 

Thus the co-ordinates (jTj, y^, Sj) of any point Q on PL must satisfy these 
relations, and the distance from P along PL to Q is d. The values of 
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(u, V, w) are given by the relations 


and 


usinr} V cos = 

V = 

tt* + t;* + = 



( 2 ) 


the first expressing the fact that PL is perpendicular to OP, and the 
second that PL always makes an angle ( with Hence 

u = — cos { cot rff 1 

t; = cos > . . . . (3) 

= {i — (cos* f/sin* i;)}* J 

The co-ordinates of Q are, from (i), 

jTj = ttd -f r sin t;, j 

yi = wf -f r cos 1?, > . . . ( 4 ) 

and 2^1 = wd, J 

On rotation of the cross-grating and its associated reciprocal lattice lines 
about OYi, the point Q moves round a circle of centre T on OYj, where 
QT is perpendicular to 0 \\ and of length rj, so that 

V + Sj* == rj* .... (5) 

where rj is a function of The line PL always lies in the surface of a 
hyperboloid of revolution round whose equation is obtained by 

finding the value of in (s) by substitution of and Sj from (4), followed 
by elimination of d in terms of y| from the second equation of (4). The 
equation of the hyperboloid with respect to OX^ViZi is thus 

(^1* + 2i*) cos* i yi* sin* ^ + 2yxr cos rj — (cos* ^ -f- cos* rf) ^ 0, (6) 

and the locus of the point of intersection of PL in OXY is clearly the 
curve of intersection of this hyperboloid with the plane OXY, This 
curve, like any intersection of a quartic with a plane, is a conic. 

For the transformation of the axes from OX^YiZi to OXYZ we have 
the relations, 

yi = y cos S + s sin 8, ^ • • • ( 7 ) 

and Sj = — y sin 8 + 5 cos 8 J 

The hyperboloid referred to OX YZ now has the equation 

{x^ + y* sin* 8 *— 2 yz sin 8 cos 8 -f cos* 8) . cos* — (y* cos* 8 

+ 2 yz sin 8 cos 8 -f 2* sin* 8) , sin* ( + 2 r cos 7 ]{y cos 8 + 2 sin 8) 

— r* (cos* f + cos* rfj «= o, 

and its intersection with the OXY plane, s = o, is 

X* cos* f + y* (sin* 8 — sin* -f 2yr cos rf cos 8 

— r* (cos* ( + cos* 1;) « 0 (8) 

Transfer the origin to the centre 0 * {x^ y^) of this conic ; then equation ( 8 ) 
becomes 

(^ + ^)* cos* ? + (y + yo)* ‘ (sin* 8 — sin* (} 

+ 2 (y + yp) ^ cos cos 8 — r* (cos* ( -f cos* rj) 5= o, 

i,e., a?* cos* f + y* (sin* 8 — sin* () -j- 2xx^ cos* ( + 2y[yo (sin* 8 

sin* ft + r cos 1) cos 8] + cos* f (sin* 8 — sin* ft 
+ 2y,^ cos 17 cos 8 — r* (cos* f + cos* rj) *= o. 
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For {% yo) centre, the coefficients of x and y must vanish. 

Therefore, 

^0=0; ai^d yo = — r cos cos 8/(sin* 8 — sin* . (9) 

The equation referred to the centre 0 * as origin is thus : — 

cos* f + y* 8 — sin* ^ — r*[cos* f + cos* rj 

+ cos* 17 cos* 8/(sin* 8 — sin* f)] = O, 

^ 

r* / 2 ^ , 2 , cos* 7 ) cos* 8 \ 

5-7 ( cos* f + cos* 17 + — ) 

cos* f \ sin* 8 — sin* f/ 

yS 

r* f it X 2 . cos* 77 cos* 8 \ ““ ^ 

-r-j-s cos* f + cos* 77 + - . ) 

Sin* 8 — sm* f \ sin* 8 — sin* 

This is, in general, an ellipse or a hyperbola according to whetheJ 
(sin* 8 — sin* f) is positive or negative, z.e., [ 8 | is > or < | f |, since 
o< $ < 90°, and — 90^ < 8 < + 90®. 

In the case of our undistorted single crystal rotation experiments, the 
axis of rotation OY^ is normal to the beam (OZ), so that 8 = 0; thus, 
the locus of the hk intersection with the plane OXV is given by : — 


r* 

(cos* f + cos* 77 — cos* >7/sin* f) 


(cos* i + cos* 77 — cos* 77 /sin* 


I (II) 


If (cos* f + cos* 77 — cos* 77/ sin* () = o, i.tf., sin* f — cos* 77 = 0, z.e., 
{90® — I) = 77, then this locus 
reduces to a pair of straight lines 
with the equations, y — i x cot 
In all other cases, the locus is 
alw^ays a hyperbola Fig. 

Il), whose centre O' lies on the 
axis OF at adistancer cos77/sin*f 
from the origin 0, and whose 
axis is parallel to either OX - ^ m/ 

or OY according to whether ^ 

(sin* f — cos* 77) IS positive or ^ y 

negative, w^hether (90® — 
is > or < 77. Since the centre 
of the hyperbola is on the co- 
ordinate axis OF, f.e., the pro- 
jection of the rotation axis, the 
hyperbolae for which (90® — ^ 
is < 77 must all have OF as their 
common axis, and therefore form 
a small coaxial group which 
should be, and are indeed. Fig. 11. 

recognisable in ihe diflFraction 

patterns. The equations of the asymptotes arc y = ± ^ cot f , referred 
to the centre 0 * as origin. If the axis of the hyperbola is parallel to OX 
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the length, A (Fig. ii), of the semi-axis of the hyperbola is 

[r* (cos* ( + cos* rj — cos* r^/sin* f)/cos* r(l — cos* 77 /sin* ; 

or if the axis of the hyperbola is along OY then the semi -axis is 
r cos f (cos* r) — sin* f)*/sin* 

Let the wave-length of the electrons be A and the camera-length L 
with the photographic plate perpendicular to the beam, then the actual 
locus of the hk diffraction spot on the plate will be the above hyperbola 
magnified in the ratio of LA : I. A typical rotation photograph would 
therefore consist of a large number of such hyperbolic traces, nearly all 
with their axes parallel to OX and their centres on the projection of the 
axis of rotation ; furthermore, the asymptotes of all these hyperbola 
will enclose the same angle 2a (Fig. n), where a = (90*^ — f), i,e., a is 
the angle of inclination of the cross-grating to the axis of rotation. 
Therefore, when the rotation axis is nearly parallel to the cross-grating 
plane, the hyperbolae will be acute, as in Fig. 6, and when actual paral- 
lelism occurs, i.e,, ( = the hyperbolae will have shrunk to a set of 
parallel straight lines given by y = r cos 17 with respect to 6? as origin 
and beginning at the points x Jiz A, === ^ r sin ry, corresponding to the 
apices of the hyperbolae. Since simple curv'ature about an axis parallel 
to the cleavage plane is clearly equivalent to rotation of a plane crystal 
about that axis, Fig. 4 will serve to illustrate the fact that the hyperbolae 
also become parallel straight lines when the axi.s of rotation is parallel to 
the cross-grating plane but not perpendicular to the beam, i.^., when 
^ = 90®, but 84-0. 

In the general case, when i ^ 90® and 8 ^ 0®, the hk hyperbolic or 
elliptic locus in the OXY plane has its centre O' at the point with the 
co-ordinates o and — r cos ty cos 8/(sin* 8 sin* f) ; the asymptotes of the 
hyperbolas with respect to 0 * as origin are the lines, 

y = ±: X cos* f/(sin* ( — sin* 8) ; 
and the semi-axis is of length 

r[i -F cos* 7y/(sin* 8 — sin* ^)]*. 

If the locus is an ellipse the denominators of the x* and y* terms in equation 
(10) are the squares of the semi-axes, which are parallel to OX and OY. 

In the case where the axis of rotation is the normal to the cross-grating, 
f o, and arbitrarily taking 7y = 90®, the locus of the hk diffraction is 

A;*/r* -f* y*/(r*/sin* 8) = I . . . (12) 

The hk loci are thus all ellipses wdth 0 as centre, with the major axes in 
the direction OY and minor axes along OX^ the semi -axes being of length r 
and r/sin 8. Such ellipses have actually been observed in the case of 
transmission patterns obtained from orientated poly crystalline films of 
cadmium iodide ** and from colloidal silver.** The arcs, or rather spots, 
of hkL diffractions from an orientated polycrystalline specimen must lie 
on the corresponding hk ellipse, as in the case of a transmission pattern 
from an orientated colloidal graphite specimen inclined to the beam.** 
The rotation of a cylindrically-curved cross-grating about any a^ds 
other than that of the curvature clearly results in the alteration in 

Kirchner, Ergeb. exakt. Naturw., 1932, 11, 64. 

Finch, Quarrel and Wilman, Trans. Faraday Soc., 1935, 31, PI. IX, Fig. 27. 

Finch and Wilman, Proc. Roy. Soc., A, 1936, igg, PI. 6, Fig. 2. 
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position and shape of the hyperbolic loci of the stationary cross •grating, 
so that each hk hyperbola on the photographic plate sweeps out a corres- 
ponding area throughout which diffuse diffraction effects will be recorded. 
Usually the crystals, e.g., of molybdenite, are at least thick enough to 
show more intense spots where each streak crosses the appropriate 
normal hkl Debye-Scherrer ring positions for the three-dimensional 
lattice powder-pattern ; hence rotation of such a bent flake about any 
axis will yield well-marked arcs of the normal Debye-Scherrer ring 
pattern superimposed on areas of diffuse diffraction. This phenomenon 
has previously been observed with graphite flakes, and we have 
furthermore been able to infer the existence of a very slight curvature 
in some otherwise apparently quite flat flakes of molybdenite and mica 
from their tendency to yield patterns of short arcs instead of spots in 
those parts of the rotation patterns corresponding to high inclination of 
the specimen plane to the beam. Indeed, we have in this phenomenon 
a delicate test for the absence or otherwise of curvature, whether macro- 
scopic or of the lattice-type ref mtly postulated by Lotmar.*® As 
stated above in § 4 [d], the crystal yielding Fig. 7 appeared under the 
microscope to be quite flat in reflected light; the distinct signs of arcing 
visible in the case of the diffractions remote from the central spot and 
corresponding to large inclinations of the cleavage plane to the beam 
show, however, t^at the flake in question must have been very slightly 
curved. 

In the above analysis the diffraction loci given by equation (10) are 
those of a pure cross -grating. In the case of a crystal of finite thickness 
the hkl diffractions must occur on these loci, because the cross-grating 
reciprocal lattice lines pass through the points of the normal recipro- 
cal lattice rows of the three-dimensional lattice. The ool diffractions 
would appear on a pair of straight lines intersecting in the central spot. 
Thus in the case of these diffractions, the ool reciprocal lattice points 
must lie on the 00 cross-grating reciprocal lattice line, and the inter- 
section of this line with the Ewald sphere is therefore to be obtained 
by putting r = o in equation (lo). Hence 

y = ± .r cos ^ /(sin* f — sin* )*, . . . (13) 

Thus when | f | is > | 8 |, t.^., the h, k curves are ellipses, the ool diffrac- 
tions will not appear ; when 1 ^ 1 is < | 8 1, i.^., the ft, k curves are hyper- 
bolae, the 00/ diffractions should lie on the above lines which are par^lel 
to the asymptotes of the ft, ft hyperbolae and pass througfi the central spot. 
In view of the thinness of the crystals and their virtually infinite extent 
in the cleavage plane directions, it is not surprising that these diff ractions 
do not appear in the patterns from either curv^cd or rotated undistorted 
single crystals of molybdenite. As in the case of graphite, the QOl 
diffractions are conspicuous by their absence. 

Finally, we have obtained patterns of strongly-curved intense streaks 
of the type shown in Figs. 6 and 7 from stationary molybdenite crystals. 
Their origin can now be explained simply in terms of polyaxial curvature. 

Summary. 

The diffraction of electrons by thin stationary and rotating molyb- 
denite crystals has been studied. The principal facts and conclusions 
arrived at arc as follows : — 


•* Lotmar, Z, KrisL, I93^» 9*f 
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In addition to those to be anticipated from the known structure, many 
anomalous diffractions have been recorded and explained in terms of the 
lattice limitation theory, as first applied to the graphite spectra. 

Single crystals of only a few lattice layers in thickness, some free from 
distortion and others exhibiting only simple uniaxial curvature, have been 
obtained and have yielded on rotation the two-dimensional cross-grating 
effect of continuous diffraction lines. It has been shown that such lines, 
and tolerance effects in general, decrease in intensity with increasing 
crystal thickness. Such tolerance effects have also been recorded with 
mica. 

As with X-rays, the axial ratio of molybdenite has been found to be 
3*904, from which it is concluded that c is independent of crystal thickness. 

The general theory of the loci of the diffractions from rotating undis- 
torted and from stationary'' curved molybdenite crystals has been developed 
and shown to be in agreement with experiment. 

We wish to thank Messrs. Ferranti Ltd. for apparatus and Viscount 
Wakefield for a scholarship during the tenure of which this work was 
carried out. 

Imperial College of Science and Technology^ 
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THE REFRACTIVE INDEX OF DEUTERIUM. 

By W. J. C. Orr. 

Received Sth August, 1936. 

A property of deuterium which has so far not been determined is 
its refractive index. The present experiments were undertaken to deter- 
mine the difference in refractivity of hydrbgen and deuterium at con- 
stant temperature and pre.ssure, the gasc.s being compared simultaneously 
in the gas tubes of a Rayleigh Interferometer. A further consideration 
was that, if there were a large difference in refractive iinlcx such measure- 
ments would offer a convenient method of analysing hydrogen-deuterium 
mixtures. As will appear however, the difference was very small so 
that with the instruments used the analytic accuracy of this method 
was limited to ± ro per cent. D. 

Apparatus. 

The apparatus employed is shown diagram maticaliy in Fig. i. The 
portion from A to F was made in duplicate and the two pieces coupled 
together so that the hydrogen liberated in one electrolytic cell and the 
deuterium in the other underwent identical treatments before entering 
the opposite si^es of the Interferometer gas tubes at G and G'. The U- 
shaped cells, B, were narrowed at the bend to permit as much electrolyte 
as possible being electrolysed, and were fitted with platinum electrodes 
of ^ sq. cm. area, the cathodes being attached to stout platinum wires, 
sealed in ground glass joints. The tubes D, in which traces of oxygen 
were combined with hydrogen were of pyrex glass and were filled with 
platinised asbestos and electrically heated so that a temperature of 250- 
300® C. was maintained inside. The traps, C, were cooled in liquid air 
and those at E, by ether-CO, mixtures. In order that the gases might 
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be at room temperature when entering the gas tubes, spirals immersed in 
water, were placed at F. The two streams leaving the gas tubes were 
led to the opposite limbs of a mercury manometer, H, by which any dif- 
ference in their pressure was immediately detected, the hydrogen then 
passing into the atmosphere through the constriction, J, which just touched 
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a mercury surface, while the deuterium passed to the CuO tube, L, which 
was kept at 500“ C, by an electric furnace. The heavy water so produced 
was frozen out in the U-tube, M, cooled in an ether-CO, mixture and so 
recovered. The volume of each side of the apparatus from C to H was 
approximately 300 c.c. 


Experimental and Results. 

The cells, hlied first of all with ordinary water to which a little NaOH 
had been added, were connected in series and electrolysed at a current of 
I amp. for 6 hours. The heating coils at C, were not put on till after 3 or 4 
hours so that the apparatus was filled with hydrogen without risk of 
explosion. During this run the zero reading on the interferometer with 
ordinary hydrogen in both sides of the gas tubes was determined, while 
in addition, it was ascertained that no leakage took place through the rubbei 
tubing connecting the gas tubes to the apparatus and also, it was found 
that a correct reading of the Interferometer could be made while the gases 
were streaming through the tubes. 

A 3 AT NaOH solution in 99*1 per cent. D,0 was now placed in one of 
the cells and electrolysis with a current density of 0*6- i*o amps, commenced. 
The following tables sho'w the course of the readings as the experiment 
progressed. 


(i) 3 DOD used. 


Hours 

0 

3 

4 

1 

5 

1 

Drum divisions 


22*8 

■ 

B 


1*0 c.c. DOD added 


9 


27*0 


54 
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(2) 2*2 cx. DOD were then added to the alkali left after the above ex- 
periment and the following readings were obtained : — 


Hours . 

3 

4 

6 

10 

16 

20 

22 

Drum divisions 

22*8 

30*0 

34*5 

35*0 

1 

35-t> 

35*0 

35*0 


It is evident that all the initial H, must be swept out after 19 hours 
evolution of D, at a rate of 250 cx per hour. Furthermore it is easily 
calculable from the volumes of the solutions and the known original I> 
concentration, assuming as low a separation factor as 4, that after 19 hours 
electrolysis at least 99*9 per cent. D, is being liberated. It may thus be 
concluded that the final reading represents the fringe displacement (given 
in drum divisions corresponding to pure D,. As a check the D concentra- 
tion of the liquid left in the cell was analysed by density measurements 
and found to be 99*9 ± 0*2 per cent. D. 

The difference between the refractive indices of hydrogen and deuterium 
(Aft) corresponding to an interferometric shift of 35*0 drum divisions is 
given by the formula : 


Am 


NX 


X io-» 


where N is the number of fringes corresponding to a shift of 35*0, when 
a monochromatic light .source of wavelength, A A. is used ; and L is the 
length of the gas tubes, viz., 75 cms. The correction which, in general, 
would be applied to this formula to take account of disj^ersion is completely 
negligible in this case where a shift of less than two fringes is involved. 

The calibration of the drum reading was made using the wave-length 
5462 A., suitably filtered from a mercury arc source. The following 
readings were obtained for consecutive fringes : — 


934*0 948*2 9b2*i 970.5 991 ’I 


Difference 14*2 13*9 14*4 14*6 

Average difference - 14*2 {5). 


Hence 

14-25 


35 

14-25 


5462 

75 


X 


lO' * — (179 ± 2) X 10“». 


From the design of the instrument a shift in the direction observed, in- 
dicated that deuterium had a smaller refractive index than hydrogen. 
The refractive index of H, at A 5462, given by the Int. Crit. Tables is 
1*00013966 (273 A., 760 mm.). 

Hence the refractive index of deuterium under the same conditions is 
1*0001378(7). 


Summary. 

The difference in the refractive indices of hydrogen and deuterium have 
been determined, using a Rayleigh Gas Interferometer. Assuming the 
value 1*00013966 for hydrogen at A 5462 the refractive index of deuterium 
is found to be 1*0001378(7). 
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DISCONTINUITIES IN THE SORPTION PROCESS. 

By a. G. Foster. 

Received ith August, 1936. 

It has been shown by Burrage ^ that when a silica gel containing ad- 
sorbed carbon ictracliloridc vapour is heated to about 100® C., a chemical 
reaction occurs which results in the removal of some of the residual water 
of the gel. The action is presumably similar to that which is known 
to take place on moist charcoal, 

CCI4 + 2H2O =- COCI2 + 2HCI. 

and the removal of water is accompanied by a marked change in the 
shape of the sorption isothermals. Those determined on a gel which has 
not been subjected to any “ flushing out ” treatment are of normal type 
and show no discontinuities,* whilst those determined after treatment, 
the gel being completely evacuated and rt'charged, show a definite step- 
like structure, in which the pressure remains constant over a certain 
range of concentration and then falls abruptly to a lower value, also 
remaining constant for a time. vSimilar curves have been obtained by 
Burrage,® usirg the dynamic retentivity method, without any preliminary 
treatment of the gel. 

During the examination of a silica gel by the dynamic »'etentivity 
method discontinuities were also observed by the author, but sub- 
sequent examination by a static method not only failed to reveal any 
regular discontinuities, but showed also that the true shape of the curve 
was considerably different from that determined by the air-stream 
(dynamic) method. Isothermals of several alcohols on this gel have 
been described previously by the author.^ All show a small hysteresis 
loop (just before the saturation point is reached), in the “ descending ** 
branch of which, slight discontinuities have been found. At lower 
concentrations however, a most careful examination of all the iso- 
thermals failed to reveal any marked discontinuities. The same be- 
haviour has been found in the present work with carbon tetrachloride, 
on the same gel, since the isothermals show a few breaks in the hysteresis 

‘ Barrage, /. Physic, Chem., 1933. 37* 735- 

• Allmand and Barrage, Proc, Roy, Soc,, A, 1931, 130, 610, 

• Burrage, J, Physic. Chem., 1933. 37* 33- 

• Foster, Proc, Roy, Soc., A, 1934» *4^* 
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area, but none over the pressure range investigated by Burrage. The 
essential shape remains unaltered after the most drastic flushing out 
treatment, and even after evacuating the gel at 800® C. 

I. Experiments by Static Vacuum Method. 

The static vacuum technique employed was identical with that de- 
scribed by Burrage,^ and subsequently used by the author,* for the deter- 
mination of iso- 
thermals of the 
alcohols on silica 
gels, one of 
which, gel B/* 
has been used in 
the first series 
of the present 
experiments. A 
sample weighing 
about 5 gms. 
was evacuated 
at 150® C., and 
a few sorption 
points were de- 
termined by 
direct weighing, 
after charging to 
a known pres- 
sure with carbon 
tetrachloride va- 
pour. The de- 

Fig. I. — CCI4 on Silica Gel B. Hysteresis Loop. sorption curve 

was then in- 
vestigated in detail by the pressure change method. From q 498 
mg. gm. to ^ = 360 mg. gm. a total of 34 points was determined, with an 
average separation of 3*5 
mg. gm. The upper part 
of the curve, shown in 
Fig. I, revealed a few 
definite breaks, but the 
lower portion showed none, 
although a few of the 
points were irregular. The 
gel was then heated to 
about loo® C., with a 
moderate pressure of car- 
bon tetrachloride vapour, 
for several hours, but after 
evacuation and recharging, 
the isothermal remained 
unaltered by this ** flush- 
ing out treatment. 

A second experiment 
was carried out a year 
later, using a fresh sample 
of gel which was flushed 

out twee at 80° and on SiUca Gel B. 

evacuated at 150® C. be- 
fore determining the isothermal. This showed two very definite breaks 
in the high pressure region,. Fig. 2,— one at 26»2 mm., where three points 
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were obtained between q = 438 and ^ = 421 ; and another at 23*6 xnin., 
which was less sharply defined. The original experiment, Fig. i, gave 
breaks at 27*2, 26*2 and 23*6 mm. Further examination of the isothermal 
down to a pressure of 4 mm., gave no indication of any discontinuities 
although 100 points were determined. The gel, containing about 140 
mg. gm. of adsorbed carbon tetrachloride, was then heated for several 
hours at 120® C., evacuated and recharged. The isothermal was then 
examined in detail from 17 mm. down to i*8 mm. and showed a number 
of rather irregular discontinuities. A portion of this curve is shown in 
Fig* 3 * The sudden fall in pressure from 2*24 mm. to 2*0 occurred after 
the gel had been left overnight. The longest break is about 4 mg. gm., 
which is less than the average values found by Burrage. 

The gel, which now contained 76 mg. gm. of adsorbed carbon tetra- 
chloride, was heated to 250® C. A considerable pressure was generated, 
sufficient to blow out the barrel of the container tap, indicating that a 
reaction was taking place between the adsorbed vapour and the residual 
water of the gel. The treatment was continued for 12 hours and the gel 
then evacuated at 150® C. before the third run was begun. This desorption 
curve showed breaks at 27*1 mm., and 26*1 mm., but at lower pressures the 
discontinuities w^ere no more definite than before. The gel was flushed 



r 

out again, evacuated at 400*^ C., and a fourth isothermal determined, 
which showed breaks at 27*3 and 26*7 mm. The “ ascending ” branch of 
the hysteresis loop was also examined this time. 

Finally, the gel was evacuated for a few hours at a temperature of 
800® C. and a fifth curve determined. This is shown in Fig. 2, curve 2, 
and although the isothermal has shifted back towards the pressure axis 
and falls more steeply, there is no fundamental difference in shape, and the 
hysteresis phenomena still persist. The final evacuation of the gel showed 
that the zero w'eight had diminished by 5*4 per cent., and the data for this 
isothermal have been calculated from the final weight of the gel, taking 
into account this loss of water during flushing out and evacuation. 

The second scries of experiments was carried out with a sample of 
gel from the batch used in the work of Allraand and Burrage,* and on 
which the step-like discontinuities were subsequently found by Burrage.* 
An isothermal was first determined on a sample of gel weighing about 2 gms., 
evacuated at 110° C., the temperature used by Burrage. This gave the 
isothermal shown in Fig. 4, curv'e i, w^hich although irregular, show's no 
definite breaks, and is similar to that determined by Allmand and Burrage,* 
The gel, containing about 100 m^. gm. adsorbed vapour, wras heated to 
60® C. for 8 hours, evacuated and recharged. An examination of the 
isothermal between 3*2 and 2*5 mm. gave no very definite breaks. The 
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gel was then heated to loo® C. for three hours, also without effect. A 
third flushing out ** treatment, at 120® C. for 3 hours, also failed to reveal 
any discontinuities and the position of the isothermal remained unaltered. 
A repetition of this treatment, however, produced a remarkable change in 
the shape of the isothermal, the result being shown in Fig. 4, curve 2. 
The pressure fell from 8*9 mm. at ^ = 217 to 0*4 mm. at ^ = 201. Below 
this concentration the pressures were too small to measure accurately on 
the mercury manometer. The gel was charged again to a higher pressure 
and a second desorption curve obtained which was almost identical with 
the first. The gel, containing about 200 mg. gm. of carbon tetrachloride 
(at a pressure of i mm. at 25° C.) was heated to 150® C. for i hour. A con- 
siderable amount of the adsorbed vapour condensed out on the cooler 
portion of the gel container, near the tap and was pumped away before 
raising the temperature to 250® C. At this temperature a pressure greater 
than one atmosphere was generated inside the container and the tap was 
again blown out. The temperature was raised to 400® C. after further 



evacuation, but a pressure was still developing inside the container, pre- 
sumably due to the reaction between carbon tetrachloride and the struc- 
tural water of the gel, since fumes of hydrogen chloride were observed. 
This drastic treatment caused a considerable decrease in the adsorptive 
power of the gel, the final isothermal. Fig. 4, curve 3, rising almost vertically 
towards saturation between 40 and 45 mg. gm. 

Another experiment was carried out using a larger amount of gel, 
about 6 gms., which was evacuated at no® C, and flushed out at 60® C. 
for 4 hours. An examination of the isothermal between 4*0 mm. and 2*5 
mm. gave a curve which, although discontinuous, was also exceedingly 
Regular. The gel was next flushed out at about no® C. and a second 
isotherm^ determined which is shown in Fig. 4, curve 4. The dis- 
continuities were less irregular than before, but no definite breaks were 
found. The top portion of the isothermal is of interest as it appears to 
represent a stage intermediate between curves 2 and 3 although the 
middle part still resembles curve i. 
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A final experiment with another portion of the gel .was performed in 
order to study the effect of heat treatment alone, without any “ fiushing 
out ** treatment, 5 gms., evacuated at 150® C., decreased in weight by 
3 per cent, after evacu- 
ation at 400'' C. The 
isothermal shown in 
Fig. 4, curve 5, has 
no very definite breaks. 

At one point the gel 
was heated to 70® C. 
for four hours before 
resuming the pressure 
measurements at 25° C,, 
but no increase in pres- 
sure occurred. After 
the last point had been 
determined, at 5-34 mm. 
pressure, the container 
was heated to 120^ C. 
for 2 hours and then 
opened to the mano- 
meter after reducing the 
temperature to 25° C. 

The pressure had risen 
to nearly 1 5 mm. On opening the dead space to a freezing bulb immersed 
in lic|uid air, the pressure fell to zero, but with the freezer at 126® C. 
(immersed in melting methyl cyclohexane) a pressure of 1*3 mm. was re- 
corded ; which may denote the presence of either CO, or HCl. After a 
final evacuation at" 150^ C. the gel retained 8*4 mg. gm. of carbon tetra- 
chloride. 



Fig. 5. 


—Carbon tetrachloride on Silica Gel. 
Retenti\ itv method. 


Discussion. 

The isothcrmals of carbon tetrachloride on “ gel B ” are similar in 
shape to those of the aliphatic alcohols ^ except at low pressures. The 
amounts of methyl and butyl alcohol taken up at saturation are 300 
and 290 mg. /gm. respectively, corresponding to 0*380 and 0*370 c.c./gm. 
The figures for carbon tetrachloride are 528 mg. /gm., or 0*330 c.c./gm. 
The hystercsisdoop extends over a range of about 0*056 c.c./gm. which is 
greater than the highest value found for the alcohols, 0*038 c.c./gm. 
It is interesting to note tluxt with ethyl alcohol* and isopropyl alcohol,® 
discontinuities were also observed in the descending branch of the 
hysteresis loop. With carbon tetrachloride, the main break occurs at 
26*2 mm., which corresponds to a capillary radius of 13*4 A., calculated 
according to the Kelvin equation. The values calculated from the alcohol 
isothermals lay between 14 and 16 A. 

It has previously been shown by the author that the hysteresis pheno- 
mena observed with ethyl alcohol on this gel remains unaltered even 
after the most drastic flushing out treatment and after evacuation at 
350® C. instead of the usual temperature of 150^ C. The present series 
of experiments with carbon tetrachloride on the same gel confirms this 
result and it has now been shown tliat the hysteresis phenomena persist 
even after evacuating the gel at 800® C. 

In the low pressure region the isothermals of carbon tetrachloride 
differ considerably from those of the alcohols. At a relative pressure o! 
0*01, the gel takes up 92 mg./gtti. of methyl and 177 mg./gm. of butyl 

J Foster, Proc. Roy, Soc., A, 1935 * 77 * 
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alcohol ; these amounts correspond to 0*0028 and 0*0024 gm. mol/gm. 
respectively. At the same relative pressure only 70 mg. /gm. of carbon 
tetrachloride are held, which represents 0*0004 gni, mol. or only one-sixth 
the number of molecules. 

The other sample of silica gel gives irregular isothermals before it is 
subjected to any flushing out treatment, and the isothermal shown in 
Fig. 4, curve I, is similar to that determined some years previously by 
Allmand and Burrage * under similar conditions. In the present in- 
vestigation mild flushing out treatment as employed by Burrage ^ has 
little effect either upon the position or the shape of the isothermal, but 
the final result of drastic flushing out treatment is remarkable, giving 
the isothermal shown in Fig. 4, curve 2. The step-like breaks observed 
by Burrage, also shown in this diagram, curve 6, appear to represent some 
intermediate stage in the transition, whilst the final curve resembles the 
isothermals determined by McBain • on highly purified sugar charcoals, 
which are regarded by him as the “ ideal type,** to which all isothcrmals 
should approximate when impurities are eliminated. At a relative- 
pressure of 0*01 the gel initially takes up about 70 mg. gm. or 0’CX)04 
gm. mol, and is saturated at about 200 mg. gm. After the drastic 
flushing out treatment, which does not cause any increase in the satura- 
tion volume, 200 mg. gm. or 0*0013 gm. mol is held at a relative pressun- 
lower than o*oi, so that the actual amount of carbon tetrachloride s«» 
held has increased threefold, and represents 76 per cent, of the total 
sorption. Comparing the pressures developed when 200 mg. gm. art- 
adsorbed, it is found that the initial pressure of lo mm. before flushing 
out, fall to 0*2 mm. — corresponding to an increase in the adsorption 
potential from 8cx) cals, to 4000 cals. /mol. 

The isothermal of ethyl alcohol on the gel used in these experiment > 
is similar to that described on “ gel A,** one of the two samples previously 
examined by the author, and shows that at a relative pressure of o*(»i 
the gel takes up 104 mg. gm. or 0*0023 gm. mols. This represents Oo 
per cent, of the total sorption so that the isothermal already approxi- 
mates to the ideal type. It is further important to note that the^c 
alcohol isothermals do not alter in shape after drastic flushing out 
treatment!^ 

Previous work on ferric oxide gel ’ indicated that the formation ol 
the unimolecular layer was practically complete at a relative pressure 
of 0^1 and a rough estimate of the surface area of the gel was made bv 
assuming that the alcohol molecules occupied an area of 20*5 A* each. 
This is a minimum value which will only be attained if the adsorbetl 
molecules arc oriented with the hydrocarbon chain normal to the surface. 
A similar calculation from the above data for ethyl alcoliol on silica gel 
gives the value 2*86 X lO cm.* for the surface per gram. 

It is reasonable to suppose that the 200 mg. gm. of carbon tetra- 
chloride, which is so firmly held after the flushing out treatment, abu 
represents a close-packed unimolecular layer. The diameter of the 
adsorbed molecule is almost exactly 6 A and on account of its sym- 
metrical nature it is unnecessary to make any assumptions as to its 
orientation. If the sectional area be taken as 36 A* the surface area ol 
the gel per gram is found to be 2*84 X cm* — a value identical witii 

that calculated from the alcohol isothermal. 

• McBain, Sorption of Gases and Vapours by Solids, 

^ Foster, Proc. Roy. Soc., A, 1934, * 47 » 
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This shows that the carbon tetrachloride, which is strongly ad- 
sorbed on the flushed out gel, covers approximately the same surface 
area as is occupied by ethyl alcohol on the untreated gel, and since 
there is no change in the total adsorptive capacity, it appears that the 
only result of flushing out has been to alter the nature of the surface on 
which the sorption process occurs. 

The residual water content of silica gels after evacuation at about 
200® C. is of the order 5 per cent. ; the removal of more water causes 
a decrease in activity, and the last traces can be removed only by pro- 
longed treating at about lOOO® C., which breaks down the gel structure. 
Little is known of the manner in which this residual water is held,* 
but the vapour pressure at 200® C. is less than lo”"^ mm. Hg. during the 
final stages of evacuation, and there is no evidence that this water can 
be displaced by other adsorbed substances at ordinary temperatures. 
During the flushing out treatment, however, some water must evidently 
react with carbon tetrachloride. 

After the removal of this residual water, together with the products 
of hydrolysis, carbon tetrachloride is able to become more firmly attached 
to the gel surface. It is important to note that removal of water by heat 
treatment alone, in vacuum, does not suffice. This is illustrated by 
Fig. 4, curve 5, which shows the isothermal obtained with a sample of 
gel initially evacuated at 150® C., then further evacuated at 4CX)® C. 
The gel had then lost 3 per cent, or 30 mg. /gm. of water, but subsequently 
failed to show any increase in the amount of carbon tetrachloride taken 
up at low pressures. A rough calculation shows that the area occupied 
by the removed water is able to accommodate at least 70 mg./gm. of 
carbon tetrachloride. 

The essential change in the surface must therefore occur during the 
cliemical reaction between adsorbed water and carbon tetrachloride. 
The process cannot be regarded as an “ activated ” adsorption, taking 
place when the temperature is raised, because the “ flushing out is 
performed w^hen comparatively little carbon tetrachloride is present ; 
the main bulk is added later at room temperature, after further 
evacuation, and is then strongly adsorbed. Fig. 4, curve 6, shows 
that removal of still more water from the gel, by further heating with 
adsorbed carbon tetrachloride, results in greatly diminished activity, 
although the isothermal retains its characteristic shape. 

II. Experiments by the Dynamic Retentivity Method. 

An extensive series of experiments was carried out using the improved 
air-stream technique described by Burrage.* Most of the systems investi- 
gated have now bwn examined by the more accurate static vacuum method, 
and the few examples given below wall serve to illustrate the unreliability 
of the retentivity method. 

i. Carbon Tetrachloride on Silica Gel. 

The retentivity method gave very definite breaks similar to those de- 
scribed by Burrage.* Fig. 5, curve i, represents the results obtained 
with about 3 gms. of gel and an air stream of 400 c.c. /min. Curve 2 w^ 

* The residual water must be h Id partly on the surface and partly " locked 
up *' in the interior of the gel. The jatter may be present as silicic acid complexes 
whilst the former may exist in the form of hydroxyl groups attached to the silica 
atoms of the SiO^latticei as suggested by Rideal {Trans. Faraday Soc., 1936, 4). 

54 * 
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obtained on the same sample three weeks later using a 200 c.c./min. rate. 
Although there is a horizontal shift away from the p. axis of about 10 

mg./gm., the steps occur at 
very nearly the same pres- 
sures as before. The gel 
used here was a sample 
from the same batch as 
" Gel A/’ previously de- 
scribed by the author * and 
has similar characteristics 
to that used by Barrage. 

Isothermals were also 
determined on another 
sample, “ Gel B/' also 
descrilied previously,* In 
Fig. 0 the curve obtained 
by the static vacuum 
method is compared with 
the smo<;thed out reten- 
tivity curve (drawn through 
the middle point of all steps 
where present). The latter 
is evidently only a rough approximation to the true isothermal. 

ii. Ethyl Alcohol on Silica Gel. 

An account of an investigation of this system by the static vacuum 
method has already been published.* Below' al>out 5 mm. pressure the 
retentivity method gave remarkable curves showing a regular .step-like 
structure similar to the carbon tetrachloride is<ithcrmals. Two samples of 
gel were investigated and the pressures at which the breaks occurred were 
in many cases identical — Fig. 7. The average length of the steps is 2*5 
mg./gm., but 
in both investi- 
gations by the 
static method, 
points were ob- ^ 
tained less than 
0*5 mg. apart, 
without any ^ 
signs of hori- 
zontal breaks, 
even after 
drastic flush- 
ing out treat- 
ment, includ- 2 
ing refluxing 
the gel with 
ethyl alcohol / 
for several 
hours before 
evacuation. 

Fig. 8 shows K,o, 7 —Ethyl alcohol on Silica Gels, 

the complete 

isothermais obtained by the different methods. The curves for "gel B 
coincide over the first 20 mg./gm. of the desorption process, after which the 
static curve falls more rapidly. With " gel A " the agreement is better, 
showing that when applied to isothermals of normal type, the dynamic 
method gives a fair approximation to the true isothermal, whereas with 
isothermals of abnormal type the results obtained over the middle range 
of the sorption process are in error. 




fOO 200 300 400 000 

Fig. 6. — Carbon tetrachloride on Silica Gels. 
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iii. Water on Silica Gel. 


This system provides the most 
dynamic retenti vity method . The 
extensive examination of water 
isothermals on silica gel at 60® C. 
and 70® C. carried out by Lambert 
and Foster * using a static vacuum 
method, failed to reveal any dis- 
Dontinuities, although horizontal 
breaks had been reported by 
Allmand and Burrage • using the 
retenti vity method at 25® C. 
The sorption of water by two 
samples of silica gel has now 
been examined in detail by both 
methods at 25® C. Fig. g shows 
the results obtained with “ gel A.” 
The retentivity curve is similar 
to that described by Allmand and 
Burrage, whilst the static curve 
resembles those obtained by 
Lambert and Foster. On gel B, 
the two curves follow one another 
closely from saturation down to 
q 180, after which the reten- 
tivity curve is distorted, Fig. 10. 
Here the static method shows 
that between q ^ 210 and 280 the 
pressure changes only from 8*0 to 
8*3 mm., but there is no evidence 
of any abrupt pressure changes. 

Discussion. 

The results obtained with 
ethyl alcohol on silica gel “ A ’* 
(Fig. 8) show that w^hen the 
isothermal is of normal 
type, the pressure falling 
steeply with concentra- 
tion until quite low 
values are reached, the 
retentivity method gives 
a fair approximation to 
the true isothermal de- 
termined by the static 
vacuum technique. The 
latter, however, gives no 
indication of any step- 
like discontinuities. 

The data for the 
other systems, which 
give abnormal isother- 
uials, in which the pres* 
sure falls slowly over 


striking example of the failure of the 




• Lambert and Foster. Proc, Roy. Soc.. A, 1931. 246. 

• Burrage, /. Physic. Chom,, 1930, 34^ 2202, 
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the middle concentration range, show that the retentivity method 
breaks down. The agreement is reasonably good at the beginning of 
the desorption process, but after the middle of the flat portion of the 
isothermal has been reached, the pressures on the retentivity curve re- 
main higher than those at corresponding points on the true isothermal, 
whilst the final drop in pressure occurs at a lower concentration and 
is more abrupt. The derived isothermal thus suffers a maximum dis- 
tortion in the middle concentration range, which makes it impossible 
to apply any simple correction to obtain the true curve — such as that 
suggested in the modified retentivity technique.* 

A typical retentivity curve, obtained by plotting the weight of 
charged gel against the amount of air passed, is shown in Fig, 1 1 . This 
appears to consist quite definitely of a series of linear portions of gradually 
diminishing slope, corresponding to horizontal breaks in the pressure 
concentration curve, since the rate of loss dqldv is assumed to be pro- 
portional to the pressure, A close examination of the actual loss of 
weight between consecutive readings shows very large variations from 
the mean value. 


Curve. 

Lom of Weifllit. 

Mean Value. 

Maximum Deviation 
from Mean. 

I. 

82, 78, 74, 80, 84 

79*6 

-r 4*4 to — 5-6 

II. 

1 

()K, 78, 68, 76, 06 , 74, 76, 78 

73 

■f 5 to - 7 

III. 

66. 66. 66. 66. 62. 64, 68. 68, 56. 74 

65-6 

-f 8*4 to — 9*6 


It is evident that a method which gives results of this nature cannot 
follow small changes of pressure with any degree of accuracy and pro- 
bably merely shows the average value of the pressure over a fairly wide 
concentration range. 


Summary. 

I. Isotherm^ls of carbon tetrachloride on two samples of silica gel 
have been determined at 25° C., using a static vacuum method. 

II. The effect of heat treatment and flushing out has been examined, 
but no well-deffned discontinuities have been observed under any conditions. 

III. After prolonged heating at 120® C. with carbon tetrachloride, some 
of the residual water is removed from the gel, and a marked alteration occurs 
in the shape of the isothermal, resulting in greatly increased adsorption 
at low pressures. 

IV. The djmamic retentivity method has been used to determine iso- 
thermals of water, ethyl alcohol and carbon tetrachloride on silica gel. 
A comparison of the results with those obtained by the static technique 
shows that the retentivity method is quite unreliable when applied to 
isothermals of abnormal type. 

The author wishes to acknowledge the receipt of a Senior Award from 
the Department of Scientific and Industrial Research w^hilst some of this 
work was in progress. 
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I. 

Although it has long been known that the rubber latices of different 
species of trees differ widely as to their stability, very little information 
can be found in the literature.^ 

We compared the properties, mainly the stability, of an Abiarana 
Gutta-Percha latex {Lucuma lastiocarpa, Family Sapotaceae, Tribe 
Mimusops) with those of the fairly well-known Hevea hrasiliensL% latex. 
(The Hevea latex we used was an ammonia preserved latex of about 
35 per cent, dry rubber content.) As we had only a very small sample of 
about 40 c.c. of the Abiarana latex, a second small sample of the same 
appearance and the same properties, the origin of which w'as not ascer- 
tained, was also used. We have good reasons to believe that it also was 
an Abiarana Gutta-Percha latex. For lK)th samples and the analysis we 
are greatly indebted to Mr. W. H. Stevens,* London. 

TABLE I. — Analysis of Sample of Abiarana Gutta-Fercha Latex. 


Per Cent, on 
the Latex. 


Total solids . . . . . . . • 37*1 

Crepe (by acetone, washed on rolls and dried) ..... 

Whence total solids exce.ss . . . . -3*5 

Diflusate (70 hours) by direct measureinent . . -3*4 

Specific gravity .......... (V984 

Acetone extract of dr\^ crepe . . . . .2*2 

Nitrogen content of dry crepe ........ 0-20 

Gutta hydrocarbon (by difference) . . . . .31*2 

DUtributlon of the Nitrogen : — 

Per Cent. 00 Per Cent, on Dry 
Letex. Material. 

Total solids ........ 0 33 0 89 

Crepe ......... 020 059 

Diffusate . . . . . . . ,0*17 4*97 


According to Mr. Stevens’ information neither of the samples contained 
preservatives. Both had, when we got them, a p^ of alx>ut 5-3 and a 
strong smell of fermentation. They remained stable and unchanged in 
every respect during the many months we had them under observation. 
Hevea latex, on the other hand, coagulates within a few hours unless 
preservatives such as ammonia are added. 

In the course of some days the Abiarana latex always creamed up, 
forming a very concentrated cream of about 80 per cent. alK)ve an opaque, 

* Cf. for instance E. A. Hauser, Latex, Dresden and Leipzig, 1927. 

*\V. H. Stevens, India Rubber J., 1935, 90, 36. 
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yellowish serum. On being shaken the cream disperses again completely 
and under the microscope only single particles in vivid Brownian movement 
are observed. They are perfect spheres of 1-2/ii diameter. 

The behaviour of the two latices towards electrolytes is even more 
markedly different. Hevea latex coagulates readily, forming one single 
lump of rubber above a clear serum ; if the latex is very dilute, the rubber 
forms coherent strings which curdle at once on slight agitation. Abiarana 
latex on the other hand cannot be coagulated irreversibly by electrolytes ; 
if they are added, the Abiarana creams up rapidly ; on shaking the cream 
readily redisperses ; thereafter creaming-up, (which takes just as long as 
before) and redispersion can be repeated at will. 

The cause of the different behaviour of the two latices is recognized by 
microscopic observation ; in a solution of > 6 both have almost ex- 
clusively single particles, and although occasionally two or more approach 
or even collide, they do not cohere, but either repel one another immedi- 
ately or rapidly rotate together for some seconds and then suddenly 
separate again. 

In a solution of a of about 3*5 to 5, or in a solution of a > 6 with 
a suitable amount of salt, a difference becomes apparent. With the Hevea 
a certain fraction of the collisions leads to irreversible aggregation, i.e,, the 
particles do not separate again ; their joint Brownian movement is smaller 
and their creaming velocity higher. On creaming-up they collide with 
other particles or aggregates and thus grow larger and larger in course of 
time. If, however, very few particles are in the liquid (e,g., in i : 5000 
dilution), the number of collisions may be so small that a cream is formed 
containing not tocy large aggregates. These can be dispersed in the liquid 
by careful agitation, but, by shaking strongly, they unite to one single 
lump of rubber. Hence a sharp strong movement of the liquid can 
produce an even stronger effect than the Brownian movement, so that 
the total number of collisions depends on the concentration of the latex 
and on the movement of the liquid. The percentage of irreversible col- 
lisions depends on the degree of discharge of the particles caused by the 
addition of acid or salt. It increases with increasing discharge. Thus 
the velocity of coagulation depends on, at least, two factors : concentra- 
tion of the latex and state of discharge. If the particles are so weakly 
discharged that coagulation is a slow process, it may be accelerated by 
shaking vigorously, because this greatly increases the total number of 
collisions and hence the fraction of irreversible colhsions too. 

The Abiarana particles also, when acid or salt is added, form aggregates, 
depending on the concentration of the latex and the degree of discharge. 
The more concentrated and the more discharged, the more and the larger 
3 -ggregates are formed, and, therefore, the higher is the creaming velocity. 
But these aggregates, or nearly all of them, are reversible, and either 
break up spontaneously or are dispersed by sharp agitation of the liquid, 
by collisions with other particles or aggregates, or by an impact with the 
wall. They, therefore, do not grow indefinitely in course of time, as is 
the case with Hevea ; an equilibrium is established between association 
and dissociation. One fraction of collisions causes the breaking up of 
aggregates which have been produced by another fraction. The ratio 
of these two fractions determines the size and number of the aggregates. 
Such equilibrium conditions continue when the latex is shaken, and the 
redispersion of the aggregates seems to take place even more quickly than 
their formation, in contrast to the behaviour of the Hevea latex. 

The parallelism between state of discharge, aggregation and creaming 
velocity is very obvious (r/. Table II,). A given p^ and latex concentra- 
tion always invplve a given distribution of the particles : a corresponding 
fraction of them unites to aggregates of characteristic sizes, the fraction 
of single particles also being characteristic. 

The aggregates of Abiarana are much smaller than those of Hevea, 
oven when the latter are observed immediately after being discharged. 
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TABLE 11 . — Parallelism of Degree of Discharge, Aggregation ano 
Creaming Velocity of an Abiarana Latex (i : loo Diluted). 


Acetic Add 
(in Millimol). 

Creaming 

Velodty.^* 

state of the Particles (Determined under the 

Microscope). 

— 

>48* 

95 per cent, of the units ♦ are single particles, 5 per cent, 
are present as aggregates. Most of them contain 2, 
and in a few cases 3, particles. 

I-OO 

36* 

About 50-70 per cent, of the units are single particles. 
Many aggregates contain 2 and 3 particles. Few 
bigger aggregates are present. 

1-25 

4*30' 

1 

About 30-50 per cent, of the units are single particles. 
Many aggregates contain up to J2 particles, but most 
of them only 2-5. 

1*43 

3'^2o" 

Only few’ units are present as single particles. Aggre- 
gates are formed up to 20 particles, and some even 
larger. Most of them, however, contain 3-<) particles. 


♦ Each aggregate, irrespective of its size, is counted as one unit, because 
otherwise the percentage of single particles would be very difficult to estimate. 

♦•The latex was discharged to a different degree by adding different amounts 
of acetic acid. Creaming velocity was determined as follows ; the latex con- 
taining the acid was filled into normal test-tubes to a height of 2 cm. and the time 
was noted when the latex particles had creamed up so far that the lower i cm. 
of the liquid had become so transparent that print could be read through it. 
The time for complete creaming up was less characteristic because w ith decreasing 
concentration of particles the number of collisions also decreases, so that a certain 
percentage of unaggregated or jioorly aggregated particles remains, the creaming 
velocity of which is small and ill-defined. 

The second and third column of Table 11 . do not seem to agree so strictly 
as expected. The comparatively high percentage of single particles observeil 
under the microscope is partly due to the diflerence in experimental condition.^. 
The number of collisions which can occur in the i mm. cavity of the slides, is 
much smaller than in a layer 2 cms. high. Once the particles ha\'e come close to 
the cover glass tliey are checked in their free movement and aie rarely able 10 
aggregate. The aggregates already formed, however, collide more frequent 1> 
with the wall than they do in the test tube, and therefore their chance of being 
broken up is bigger under the microscope than in the test tulH^ f or these two 
reasons, the number of single particles and the degree of aggregation on the wiioh* 
must be different und r the two conditions ; more single particle.s and less and 
smaller aggregates will be seen under the microscope. 

because in the Abiarana latex the number of collisions resulting in aggregation 
is much smaller. The particles dispersed by shaking show their old vivid 
Brownian movement amd seem identical in every respect with the original 
single particles. We assume that the Abiarana particles do not approach 
each other so closely in the aggregates as do the Hevea particles, owing 
to strong hydrophilic layers around them though a magnification of 
1100 shows no difference in the particle distance of Hevea and Abiarana 
aggregates ; in both the particles retain their original shape. 

We shall henceforth call the irreversible aggregation of Hevea latex 
coagulation,*' and the reversible aggregation of Abiarana latex simply 
“ aggregation." 

The particles of both Abiarana and Hevea are negatively charged and 
therefore the aggregation (creaming-up) also of the former mainly depends 
on the nature of the cations, speci^ly their valency {cf. Table III.). 

A concentration of mono- and divalent cations larger than that given 
in Table III. increases the creaming velocity. A considerably larger 
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TABLE III.* — Aggregation Values (Millimol/Litre) of an Abiarana T.atex 

(i ; too Dilution). 


KCl. BaCl*. AlCl.. Th(N0,)4. CuCl,. Acetic Add. 

lOO 15 0*66 O' If 2 I 


♦These measurements were done in a simpler way than those in Table II, 
\Vc determined the electrolyte concentration which caused the latex, diluted 
loo-times, to cream up within 2 hours. The test-tubes, containing latex -|- elec- 
trolyte in different concentrations, were stood in a row, and it was easy to fix the 
critical concentration which could cause a distinct change in the distribution of 
the particles, in the course of 2 hours, while that just below did not do so. In 
the experiments of Table III. creaming-up had not proceeded so far as in those 
of Table II. 

concentration of tri- atid tetravalent cations and of H*-ions diminishes the 
creaming velocity, because these cations are able to recharge the particles 
positively and thus to reduce or even to entirely prevent aggregation. 
The reversal of charge was proved by cataphoretic tests. 


II, 

What is the cause of the different stability of Abiarana and Hevea 
latex ? The stability of Hevea seems to be mainly determined by pro- 
teins. With Scholz ® we are inclined to assume that proteins sensitise 
the latex and render it rather hydrophobic. Scholz has found on com- 
paring a protein-free Hevea latex with(a) an ordinary latex, and {b) with 
a protein solution, that the latex behaves as if it were sensitised towards 
all cations except tlie monovalent ones. 

From the behaviour of the Abiarana latex we conclude that it is most 
likely a protected hydrophilic system. A strongly adsorbed, hydro- 
philic layer round the particles prevents them from approaching each 
other so closely that the attracting forces become predominant. This 
simple assumption makes the behaviour, described above, perfectly un- 
derstandable. 

It also explains the fact tliat when migrating under the influence of 
an electric current, the particles of Hevea form a beautifully coherent 
skin on the anode, (the phenomenon which renders the “ anode process ’* 
feasible), while the particles of Abiarana though they are also deposited 
on the anode to a certain extent, do not ever form a coherent skin, but 
remain separated from each other and readily redispcrsable. 

The following experiment proves that (as in a normal protected sus- 
pension) the Abiarana particles have adsorbed a foreign substance, which 
is also contained in the serum. If the cream is separated from the serum 
and shaken up with water, the aggregates are easily redispersed and cream 
up again readily on adding acetic acid. If this washing process is re- 
peated several times, the latex at last creams up rapidly without addition 
of arctic acid and is even partly coagulated. The Abiarana latex, then, 
when deprived of a protecting substance contained in the serum, be- 
haves like Hevea latex, so that the difference in the stability of the two 
latices must mainly be due to the presence of a protecting substance in 
the Abiarana and not to other factors as, for instance, the different con- 
sistency of the particles. 

This experiment proves further that the protecting substance is 


• P. Scholjt, Kautschuk, 1928, 4, 5. 
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adsorbed reversibly, in a true adsorption equilibrium, a fact being by 
on means obvious. Consequently precise conclusions concerning the 
Abinaraa latex in normal concentration cannot be drawn from the be- 
haviour of single latex particles in microscopic cataphoretic measure- 
ments. For these are carried out in a latex diluted iocx)-times or more. 
This dilution corresponds to a strong washing out. Hence distinctly 
less of the protecting substance, which normally determines predom- 
inantly the properties of the latex, is left adsorbed on the particles. 
Kemp and Twiss ♦ have drawn the same conclusions from the results of 
cataphoretic measurements with Hevea latex. 

Another proof of the protecting action of the reversibly adsorbed 
substance is the fact that the washed Abiarana latex coagulates readily 
on being boiled, whereas unwashed Abiarana, treated in the same way, 
remains stable. 

That the protecting substance is actually contained in the serum can 
easily be shown by the fact that if a suflScient amount of Abiarana 
serum is added to Hevea latex, the mixture is stable like the Abiarana 
latex itself ; on adding acetic acid it does not coagulate, but only ag- 
gregates and creams up. A mixture of the whole Abiarana latex phis 
Hevea latex behaves of course in the same way.* 

A rough quantitative investigation shows that one part of Abiarana 
latex completely protects one part of Hevea, if both are in their original 
concentration (about 35 per cent.). If diluted, less Abiarana is required 
f.g., one part of Abiarana diluted I : 50 protects three parts of Hevea of 
the same concentration. 

A mixture of Hevea latex with a sufficient amount of Abiarana latex 
or serum is, like pure Abiarana, stable on being boiled, unless it has be<*n 
washed beforehand. On being vrashed, as described above, the mixturi* 
behaves similarly to Abiarana latex, the only difference being that less 
washing is necessary to remove so much protecting substance as to effect 
coagulation. After washing, the mixture coagulates in just the same way 
as does pure Hevea. 


III. 

We tried to find out the chemical nature of the protecting substance 
contained in Abiarana latex. 

Since the charge of its particles can easily be reversed by H* -ions, 
even after the latex has been dialysed, one could assume an ampholytic 
substance of the protein type to be the responsible factor. It should, it 
is true, be a protein, which is much more hydrophilic than the protein 
which determines the behaviour of Hevea latex. 

The products of splitting proteins are usually more hydrophilic than 
the proteins themselves. Hence we investigated the reactions of Abia- 
rana latex towards several specific reagents for proteins and the pro- 
ducts of splitting them. In Table IV. the behaviour of Abiarana, Hevea 
and peptone (BDH products) are compared. 

The table reveals a marked resemblance of the reactions of Abiarana 
with those of peptone. Several other protein products also, not men- 
tioned in the table, such as lysalbinic acid, etc., show similar reactions. 
We therefore tested, whether Hevea latex could be stabilised by protein 
products, as it is by Abiarana serum. No protecting action was observed, 
with protalbinic acid, lysalbinic acid, peptone, or with any of the many 


* I. Kemp and D. F. Twiss, Trans. Faraday Soc.^ 1936, gj, 890. 
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TABLE IV. — Behaviour of Hevea, Abiarana and Peptone towards 
Reagents for Protein and the Products of Splitting Protein. 


Reagent. 

Hevea. 

Abiarana. 

Peptone. 

Acetic acid. 

Coagulation. 

Microsc. aggregation. 

No precipitate. 

Formaldeh y de . 

Coagulation . 

Microsc. aggregation. 

No precipitate. 

Sulphosalycilic acid. 

Coagulation. 

Stronger microsc. ag- 
gregation. 

No precipitate. 

Trichloracetic acid. 

Phosphotungstic 

Coagulation. 

Small macrosc. aggre- 
gation. 

Slight precipitate. 

acid. 

* 

Slight .sediment 

Slight precipitate. 

Biuret test. 

Vjolet-blue. 

Blue, coagulation. 

Violet-blue. 


* Reaction only takeb place in neutral or acid solution, in which Hevea is 
coagulated in any case. 

amino acids tested in many different concentrations and after leaving them 
in contact with the Hevea particles for shorter and longer periods ; in all 
cases Hevea coagulated readily on addition of acetic acid. None of these 
substances has a stabilising action similar to that of the substance con- 
tained in Abiarana, and, therefore, none of them is probably of a similar 
chemical nature. 

Though the.se experiments are incomplete, we consider it unlikely 
that any protein disruption products are the cause, for a second reason : 
On dialysing Abiarana serum through a collodion membrane the sub- 
stance causing a positive biuret reaction ^ (see Table IV.) passes 
through the membrane, whereas the unknown protecting molecules 
were unable to do so. We could not protect Hevea latex w’ith the liquid 
outside the membrane, while it was possible to do so with the liquid in- 
side, even after lengthy dialysis. The molecules of the protecting sub- 
stance are therefore bigger than those of protein products ; peptone and 
lysalbinic acid both pass through the membrane. 

The protecting substance in Abiarana latex is probably also not a 
true protein, because the reactions of Abiarana for proteins are negative 
and proteins do not so far as has been observed up to now, give a pro- 
tecting action like that of the Abiarana serum. 9 gm. of gelatin, for 
instance, per litre of a 3 per cent. Hevea latex does not prevent coagu- 
lation. The only difference compared with the coagulation of pure 
Hevea is, that the system has to be strongly shaken, but this is only due 
to the high “viscosity” which stops Brownian movement and thus pre- 
vents the collision of the particles. 

The same applies to other hydrophilic substances, starch. The 
coagulation of a 3 per cent. Hevea latex \vith 9 gm. starch per litre 
appears to be the same as without it. 

Hence w^e must assume the unknowm protecting substance to be of 
a nature distinctly different from that of the usual protecting agents. 


IV, 

The results and conclusions of this investigation agree to some ex- 
tent with those of Moyer who investigated many latices of the Euphorbia 

* Since our Abiarana latex was several months old when we got it, we are 
unable to decide, whether the protein degradation products found were present 
initially or were decomposed from proteins by later fermentation. 
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species. Applying the Mudd technique of the moving interface, he 
determined the wettability of the particles • and concluded that thle 
particles of some latices have hydrophilic, those of others more hydro- 
phobic surfaces. Being interested in the latices chiefly from a botanical 
point of view, he has so far not correlated ihe observed surface pheno- 
mena with the stability of the latices. But Moyer’s direct experimental 
evidence of the widely differing surface properties, though obtained for 
latices different from Abiarana, enhances the probability of our assump- 
tion that the great stability of the Abiarana latex results from the very 
hydrophilic properties of its protecting agent. 

Moyer also determined with 2I species of Euphorbia the cataphorctic 
mobilities, as depending on the and thus the isoelectric point of their 
particles.’ From a comparison of these curves be concludes that some 
latices behave as though these particles were completely coated by pro- 
teins, others as though protected by a mixture of several proteins or by 
a mixture of proteins with other ampholytes. A third group of latices 
is found to behave as though the particles were coated by non-proteins. 
In spite of the fact that we do not consider (for the reason mentioned 
above) the cataphoretic method to be quite correct for systems protected 
by reversibly adsorbed substances, we believe Moyers results to hold 
qualitatively. Hence we can take it from him that other stable latices 
protected by non-protein substances exist. 

Summary. 

1. The latex of Abiarana Gutta-Percha is more stable than that of 
Hevea. In the absence of preservatives Abiarana latex is stable for many 
months, whilst Hevea coagulates readily in a few hours. On addition of 
electrolytes Abiarana only creams up and is readily and reversibly redis- 
persed, Hevea is coagulated irreversibly. Under the influence ol the 
electric cunent Abiarana does not form a coherent skin on the anode, 
Hevea does so easily. 

2. The stability of Abiarana latex is due to a protecting substance 
reversibly adsorbed on the particles. This substance may V>e removed by 
allowing the particles to cream-up repeatedly and by separating the serum 
from the particles. 

The serum of Abiarana (or the whole latex) added to Hevea latex 
strongly protects the latter and causes it to behave like Abiarana latex. 

3. A similar protecting action in small concentrations cannot be pro- 
duced by substances such as gelatin, peptones, lysalbinic acid, starch, etc. 
The chemical nature of the protecting substance could not be identified. 
It must have a large molecular weight, since it does not diffu.se through 
membranes. 

4. The reversible creaming-up of Abiarana latex is influenced by tlie 
cations of tlie electrolytes added according to their valency, in agreement 
with the fact that the particles are negatively charged. H*-ion and ter- 
and tetra valent cations are able to reverse the electrical charge of the 
particles. 

5. The difference in creaming velocity due to different electrolyte 
concentrations (i.e., to different degree of discharge) seems to depend on 
the average size and number of aggregates of particles which are formed. 

The Sir William Ramsay Laboratories of 
Inorganic and Physical Chemistry, 

University College, London, 

• L. S. Moyer, Amer. J. Botany, 1935, a2, 609. 

^ L, S. Moyer, ibid., 1934. ai, 293. 



EFFECT OF LIGHT ON THE IGNITION OF 
MONOSILANE-OXYGEN MIXTURES. 


By H. J. Emeleus and K. Stewart. 

Received igth August ^ 1936. 

The authors have shown ^ that in the thermal oxidation of mono-, 
di-, and tri-silane ignition occurs when the total pressure of the gas 
mixture lies between two limits. The values of these vary with tem- 
perature, the diameter of the reaction vessel, and the presence of diluent 
gases and inhibiting substances in a manner which characterises the 
reactions as branching chain procc.sses, and in the case of monosilane the 
following tentative mechanism was put forward : — 

SiH4 + — SiH2 "f- HgO 

Si Id 2 ~t~ ^2 SiH2 ^^ ~f" ^ 

S1H2O -> O2 “> Si02 (degenerate branching) 

O2 + O* ~ O2* + O (energy branching). 

O d- Og -f M — O3 -r M (gas phase deactivation). 

O or Si Ho -r 'vall adsorbed (surface deactivation). 

rhe SiH2 radical and atomic oxygen arc considered as starting the 
chains. If this is correct it should be possible to produce active centres 
by irradiation with light of a suitable wavelength, and thus to initiate 
the chains in excess of the normal number started thermally. This 
should cause silane-oxygen mixtures to explode at pressures outside the 
normal ignition range. The experiments described in this paper were 
performed to test this point and also, as a preliminary, to determine the 
conditions under which inonosilane will undergo photochemical decom- 
position. 

Absorption Spectra of the Silicon Hydrides. 

The absorption spectra of the silicon hydrides were first examined, as 
no data were available. The three hydrides were prepared in a state of 
purity by the method of Stock and Somiesky • and stored in glass reservoirs 
fitted with mercury valves. Photographs were taken on a Hilger small 
quartz spectrograph (Ilford Q plates ; copper arc reference spectrum). 
The light source was a water-cooled hydrogen discliarge tube, operated by 
a 5000 V. transformer, and taking a current of 0-2 amp. A plane-ended 
quartz absorption cell, 10 cm. long, was employed. 

Monosilane at pressures up to 75 mm. proved to be completely trans- 
parent to ultra-violet light down to approximately 1S50 A.., the limit of 
the quartz spectrograph. Disilane and trisilane both absorbed light at 
wwelengths greater than 1850 A. The limits of transmission in the 10 cm. 
cell with varying gas pressures are tabulated below : — 

^ Emel^us and Stevi^rt, /.C.S., i 935 » i ^93^, <> 77 * 

* Stock and Somiesky, Ber., 1916, 49, in. 
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TABLE I. — Limits of Light Absorption for Disilane and Trisilane. 


Pressure of SijH, nun. 

1 2 

30 

t >5 

— 



Pressure of SijHg mm. 

-- 

— - 

— 

12 

30 

60 

Limit of Absorption A. . • 

1 

i 

1 qHo 

2000 

2020 

2140 

2170 

2190 


The absorption in each case was continuous, and in this respect, is 
similar to that of the simpler paraffins and monogennane.®* ^ The absorp- 
tion limits of disilane and trisilane are higher than that of ethane.® 

Mercury-Sensitised Decomposition of Monosilane. 

The thermal decomposition of monosilane into silicon and hydrogen 
takes place at 370-500° and has been shown recently by Hognes.s, Wilson 
and Johnson ® to be a first-order homogeneous reaction and to be in- 
hibited by hydrogen. As would be expected from the absorption 
spectrum of this hydride Schwarz ’ obtained no decomposition on 
irradiating monosilane witli a mercury arc, though the liydrides Si2He 
and Si3Hg were decomposed, giving free hydrogen and brown deposits 
with the empirical formulae SiHj.3 and SiHj., respectively. 

In preliminary experiments we confirmed Schwarz* observation on 
monosilane, and were also unable to obtain any measurable decomposition 
by using a condensed aluminium spark as the light source with times of 
irradiation up to sixty minutes. By making use of an arc of the discharge 
tube type (1000 v., 0’i8 amp.), giving mercury resonance radiation, how- 
ever, and by introducing a pool of mercury into the reaction vessel, a 
relatively rapid reaction, accompanied by an increase in pressure, took 
place. Free hydrogen was formed and a brown film was deposited which 
dissolved readily in 30 per cent, sodium hydroxide solution with evolution 
of hydrogen. The solid reaction product was probably a polymerised 
unsaturated silicon hydride, or a mixture of such a hydride with amorphous 
silicon. 

The mercury-sensitised decompo.sition was investigated quantitatively 
by irradiating a measured pressure of monosilane in a quartz bulb con- 
taining mercury for times varying from 15 to 30 minutes. The bulb was 
then cooled ii\ liquid nitrogen and the uncondensed gas pumped pff through 
a U-tube similarly cooled to retain condensable gas from the dead space of 
the apparatus. Such gas was distilled back into the reaction vessel and 
the residual pressure measured. The non-condensible gas (hydrogen) was 
measured by the decrease in the total pressure after pumping. The gas 
which had ^en frozen out by liquid nitrogen was next shown to be pure 
monosilane by distilling it in vacuum into a small bulb containing 30 per 
cent, sodium hydroxide solution and fitted with a tap. This bulb was 
attached to the apparatus by a ground joint and was removed and shaken. 
The hydrogen formed in the decomposition of the residual silicon hydride 
was then measured by reconnecting the bulb tube, evacuating the con- 
necting tubes, and measuring the total residual pressure. The hydrogen 
found was slightly less than four times the volume of the residual gas 

(SiH4 -f zNaOH -f- H ,0 « Na.SiO, + 4H,). 

• Duncan and Howe, /. Chem. Physics, 1934, ^51. 

®Mahncke and Noyes, J. Amer. Chem. Soc., 1935, 57, 456. 

• Scheibe and Grieneisen, Z, physik, Chem., B, 1934, 35, 52. 

• Hogness, Wilson and Johnson, /. Amer. Chem, Soc., 1936, 58, xo8. 

’ Schwarz and Heinrich, Z. anorg. Chem., 1935, 277. 
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Had higher silicon volatile hydrides been present the ratio would have 
been greater than four (7 : i for SijHe). 

The final stage of the analysis consisted of removing the hydrogen, and 
introducing into the evacuated reaction vessel 1-2 c.c. of 30 per cent. 
NaOH solution, which was contained in a small dropping funnel fused to 
the reaction system. The pressure of hydrogen liberated by the inter- 
action of the solid reaction product and the alkali was then measured 
and corrected for the vajx)ur pressure of the alkali solution. The analytical 

TABLE 11 . — Pkouucts of the Photo-Sensitised Decomposition 
OF Monosilane. 


Initial Silane 
Presture, nun. 

Final 

Pressure, mm. 

Per Cent. SiH| 
Decomposed. 

pjjj Formed in 
Reaction, mm. 

from Solid 
Product, mm. 

Formula 
of Solid. 

I 05 -S 

H2'0 


i6*4 

26-0 

SiH,„ 

39*9 

447 

120 i 

1 9'b 

14*7 

SiH, 

i 

39*5 

OS.5 

j 10*0 

00 

2 2 • J 





h 


ir- 

7o Mociiod 

OSife 


results from three experiments are given in Tabic II. All pressure measure- 
ments were made at 15^ C., and the arc was in each case 2 cm. from the 
quartz bulb. 

In these experiments only a small proportion of the monosilane can be 
decomposed as the solid film formed in the reaction render the quartz 
vessel opa{[uc to ultra-vdolet light. Tlic formula of the solid hydride 
varies from Silio ** to SiHo n with the extent of the reaction, which 
indicates that it is a mixture consisting possibly of amorphous silicon and 
the hydride SiHj (r/. Schwarz and Heinrich).’ 

The decomposition of silane at low pressures enabled the reaction to be 
carried to completion, since the amount of solid deposited was relatively 
small, and gave a further means of ex- 
amining the products. Tlie apparatus is 

shown in Fig. i. The quartz reaction bulb ” 

A (i2 cm. long, 2-5 cm. diameter) was 
attached by a ground joint and the pres- vps 

sures were measured by means of the 
mirror B<3urdon gauge • B. Small quan- 
tities of monosiiane could be admitted r 

into A by the capillary leak C, both C I 

and B having been previously calibrated V i 

against a McLeod gauge. The reaction jl ' 

vessel was irradiated with the mercury j c 

resonance arc, which >vas placed at 2 cm. 1 

from the surface of the bulb, containing 
about I c.c. of mercury. The increase in 
pressure could be followed by the mirror 
gauge, and it was found that the initial 
reaction rate was constant but that at a 
^ter stage it decreased. This retardation 
is believed to be due to the deposition of 
a very thin film of solid reaction product 
on the quartz. The curves in Fig. 2 
illustrate the course of the reaction with time. They are very similar to 
curves obtained by Simmons and Beckman • for the mercury sensitised 






u 


Fig. I. 


L 


4^ 


• Foord, /. Scientific, Instruments, 1934 , 5l» X 26 . 

* Simons and Bechman. J. Jmer, Ch^, Soc,, 1936, 58, 454. 
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decomposition of arsine into arsenic and hydrogen. The formula of the 
solid silicon hydride may be calculated from the pressure dhange in the 

reaction, and is 
shown in Table 
III. 

The composi- 
tion of the re- 
action product 
is again vari- 
able (SiHo.4* to 
SiHo-uo). and Ls 
in approximate 
agreement with 
the results ob- 
tained by direct 
analysis. We 
conclude from 
these observa- 
tions, and par- 
ticularly from 
the fact that de- 
composition into 
silicon and hy- 
drogen is not 
complete, that 
the mercury sen- 
sitised reaction 
takes place by 
a mechanism in 
which the radi- 
cals SiH, or 
SiH, probably 
play a part. 

The investigation of the actual reaction mechanism would require a study 
of the quantum yield and 
of the effect of hydrogen 
on the reaction rate. From 
the point of view of the 
mechanism of oxidation of 
silane, however, the prim- 
ary interest lies in the 
intermediate formation of 
radicals, since it is these 
which are believed to be 
active in initiating the 
chain mechanism of the 
oxidation. 

The Ejffect of Ultraviolet Light on the Ignition of Monosilane - 

Oxygen Mixtures. 

Experiments on the thermal oxidation of monosilane ^ have shown that 
mixtures containing 50 to 90 per cent, of oxygen at total pressures between 
500 and 100 mm. react explosively in the neighbourhood of 100® C. No 
reaction was detected with such mixtures above or below the upper and 
lower critical explosion limits, respectively, or below the critical tempera- 
ture, which was about 84® C. for a mixture containing 30 per cent, mono- 
silane. In the experiments described below mixtures containing 30 to 
50 per cent, silane were exposed to ultraviolet light at room temperature, 
4.e., some 70® below the minimum temperature for their thermal ignition at 



TABLE 

III. 


Initial Silane 

Final 

Pressure 

Formula of 

Pressure, mm. 

Pressure, mm. 

Increase, mm. 

Solid. 

0-72 

1*5 

0-43 


1**5 

2’02 

0-87 

SiH.,, 

1*49 

2 •07 

I '18 

SiH.,, 

2'J4 

3-59 

>•45 

SiH,.„ 



Fig. 2. — Curves showing the rate of the mercury photo- 
sensitised decomposition of monosilane. 
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any pressure. Any reaction observed under these conditions must be due 
to the action of the light in producing active centres in the gas mixture. 

The first series of experiments was carried out at low pressures in the 
apparatus shown in Fig. i, modified by the inclusion of a second calibrated 
capillary for the admission of oxygen into the reaction system. Gas 
mixtures were made up by admitting the two gases simultaneously through 
their respective capillaries. The composition was varied between 30 and 
50 per cent, monosilane. The light sources used were a condensed alu- 
minium spark (10,000 V., 0*3 amp.), a hot mercury arc (no v., 2-5 amp.), 
and the mercury resonance arc already described. They were operated 
for at least ten minutes before use and were placed 10 cms. from the quartz 
bulb. Each of these sources caused instantaneous ignition of gas mixtures 
at 15-20® containing between 30 and 50 per cent, of monosilane at pressures 
from 2 to n mm. Ignition was readily detected by a sudden movement 
of the light spot of the mirror gauge, and also by the appearance of a white 
film on the quartz bulb. It took place without a measurable time lag 
even when the light source was removed to a distance of 40 cms., and also 
when the reaction vessel was screened from direct light but received light 
reflected from the walls of the room. It is apparent, therefore, that the 
amount of light needed to produce a positive effect is exceedingly small. 

When a thin film of gelatin (limit of transmission 2400 A) was inserted 
betAVcen the light source and the quartz bulb ignition no longer took place 
when the aluminium spark was used, but either the hot or cool mercury 
arc caused an instantaneous explosion provided the reaction vessel con- 
tained liquid mercury. The gelatin filter removes completely all radiation 
of a wavelength absorlx'd by oxygen, and ignition by the filtered light from 
the mercury arcs must therefore be due to the action of mercury resonance 
radiation. It is generally assumed that the uncooled mercury arc gives 
no 2537 A, re.sonance light when it has been in operation for a short time, 
but in the present case a veiy^ small amount of such radiation probably 
suffices to produce a ix)sitive effect. 

With the aluminium spark as the light source it was found that insertion 
of a filter consisting of a 5 cm, thickness of a 5 per cent, solution of sodium 
chloride in distilled water stopped the reaction completely. No explosion 
or slow reaction took place at room temperature whatever the pressure of 
the gas mixture. This filter removes aU wavelengths less than 2050 A., 
i.^., those which are absorbed by oxygen. Since monosilane has been 
shown to be transparent down to 1850 A. we may conclude that absorption 
of light by molecular oxygen alone is able to initiate explosion. Such light 
produces excited oxygen molecules in the first place, but may yield oxygen 
atoms by a secondary process. 

At higher pressures (100-500 mm.) a slow reaction was obser\^ed on 
irradiating silane-oxygen mixtures with the mercury resonance arc. The 
reaction vessel consisted of a cylindrical tul>e (10 cm. long, 2 cm. diameter) 
with a side tube which was ground at the open end. To this a quartz 
window was attached with wax. Monosilaiie-oxygen mixtures were pre- 
pared by distilling the hydride into the reaction vessel, by cooling the 
lower part in liquid nitrogen, and measuring its pressure on a mercury 
manometer. It was then frozen out again and the requisite amount of 
oxygen added, after which the monosilane was allowed to vaporise very 
slowly, and the total pressure measured. As it was desired to obtain a 
measurable reaction rate, Instead of explosion, on illumination no mercury 
was placed in the reaction vessel, though a restricted supply w^ould be 
fiimi^ed by the manometer. The mercury resonance arc w'as placed 
4 om. from the quartz window'. This caused only a slight rise in tempera- 
ture of the reaction vessel. 

Under these conditions silane-oxygen mixtures reacted slowly with a 
pressure decrease, and a white deposit of silica formed on the quartz 
window-'. Some typical curves obtained by plotting the pressure decrease 
against time are ^own in Fig. 3. In aU cases there was an induction 
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period, which was greater the higher the initial pressure and the higher the 
initial oxygen concentration. In the initial stages of the reaction the 
curves are approximately exponential and satisfy the relationship 

which is valid in the thermal oxidation of hydrocarbons and other sub- 
stances. As the reaction proceeds the deposit of silica retards the reaction 
and prevents an exact kinetic study of the reaction being made. 

In no cases were we successful in obtaining a slow reaction culminating 
in an explosion. If, however, the pressure of the reaction mixture was 



Fig. 3. — Slow oxidation of Monosilane. 
Plot of A/> against time. 


Curve. Initial Per cent, 

(right to left.) pressure mm, SiH*4. 
i 410 23*0 

z 252 21-3 

3 

4 169 24 0 

5 no 22*8 


slowly reduced immediately after irradiation had been commenced an 
explosion took place when a certain limiting pressure was reached. Thus, 
for example, a 16 per cent, mixture at 20^^ C. at an initial pressure of 580 
mm. exploded when the pressure was reduced to 66 mm. during irradiation. 
Such a mixture would not explode at any pressure if it were not irradiated ; 
indeed, our previous observations have shown that the temperature would 
have to exceed 80® C. before ignition would take place on reducing the 
pressure. The effect of light is therefore to lower the ignition temperature 
for this mixture at a given pressure by 60® C. 
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Discussion. 

The effect of ultraviolet light on the upper critical explosion limit of 
monosilane -oxygen mixtures is similar to that first observed by Hinshel- 
wood and Clusius in the case of the lower critical oxidation limit of 
phosphine-oxygen mixtures and afterwards studied in greater detail by 
Melville/^* for both the upper and lower critical limits. Hinshelwood 
and Clusius found that when irradiated, phosphine oxygen mixtures 
exploded at a lower pressure than the normal critical limit, which was of 
the order of a few mm. It was shown that irradiation produced an active 
substance, and that the activity and the consequent lowering of the 
lower explosion limit persisted for some time after irradiation was 
stopped. The effective wavelengths were between 2500 and 2S00 A. 
Such light is not absorbed by phosphine and it is possible that the 
active light was the mercury resonance line 2537 A. Melville proved 
that the lowering of the explosion limit of phosphine-oxygen mixtures 
by irradiation with a mercury arc was due to a change in the surface of 
the reaction vessel : indeed, the phenomenon could be reproduced by 
pre treating the walls with atomic hydrogen. 

The experiments on tlte irradiation of silane-oxygen mixtures differ 
from those with phosphine in one important respect, namely, that 
monosilane does not absorb light of wavelength greater than 1850 A. 
Accordingly the initiation of explosion by irradiation with the aluminium 
spark is an unambiguous case of a chain reaction initiating by exciting 
only the oxygen molecules. The observations arc consistent with the 
reaction mechanism given (p. 1577), for atomic ox^^gen can be formed by 
the process 

O2* + O2 = O3 -T O. 

Alternately it is possible for excited molecular oxygen to initiate the 
oxidation of monosilane. The mechanism advanced is admittedly 
tentative, and the kinetic analysi.s of the results on the thermal oxidation ^ 
would be equally valid if the two active centres propagating the chain 
were O,* and SiHj. We hope, however, to carry out further experi- 
ments to differentiate between the effects of molecular and atomic 
oxygen in initiating these reactions. 

Summary. 

(1) Monosilane, disilane, and trisilane absorb light of wavelengths 
< 1850, < 1980-2020, < 2140-2190 A. respectively. 

(2) Monosilane mixed with mercurj*^ vapour is decomposed by the 
^537 A., mercury resonance line, giving hydrogen and a solid reaction 
product consisting of a polymerised hydride SiH, (x < 0*9) or a mixture of 
silicon and such a polymer. 

(3) Monosilane-oxygen mixtures at temperatures below the normal 
T^ge for thermal ignition may be caused to explode by irradiation with 
light h'om an aluminium spark or a mercury resonance arc. 

{4) Monosilane-oxygen mixtures at pressures above the critical explosion 
pressure undergo a slow oxidation on exposure to the unflltered light from 
a mercury resonance arc. This reaction has an induction period, and, in 

^•Hinshelwood and Clusius, Proc, Royf. Soc., A, i930f *^9, 589. 
“Melville, ibid., 1933. * 39 t 54i- 
“Melville, y. Chem. Ph^c$. 1934, a, 739* 

“Cheesman and Emel^us, J,C»S., 1932, 2847, 

“Melville, Proc, Roy. Soc., A, 1932, 138, 390. 
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its initial stages, follows the exponential law A/> = which characterises 
hydrocarbon combustion. 

The authors wish to thank Imperial Chemical Industries Ltd. and the 
Government Grant Committee for grants. One of us (K. S.) is indebted 
to the University of London for a Postgraduate Studentship. 


THE OXIDATION OF CARBON— PART IL 

By J. D. Lambert. 

Received igth August^ 1936. 

Two types of process possible in the oxidation of carbon arc : 

(i) Direct formation of carbon dioxide by impact of oxygen molecules 
on a clean carbon surface. 

2. Primary formation of both carbon dioxide and carbon monoxide 
by the breakdown of surface oxide complexes. 

It was shown in a previous paper ^ that in the temperature range 
250-500® C. pure carbon is oxidised by process (i) alone; whilst the 
presence of iron in the carbon blocks process (l) and oxidation proceeds 
exclusively by process (2). The latter reaction is complicated by a 
secondary conversion of carbon monoxide to carbon dioxide wliich masks 
the proportion in which the two products are initially formed and in 
default of information as to the constancy or simplicity of this proportion 
the exact mechanism of the oxidation process was obscure. Further 
experiments have been made in order to throw light upon this problem. 
The first stage was to investigate the conversion of carbon monoxide to 
carbon dioxide : the second stage to try to eliminate this secondary 
effect in the light of the information obtained. 

The experimental method was that previously described ^ and the 
same apparatus and materials were used. The carbon monoxide was 
obtained from a cylinder, and was shown by analysis to contain not 
more than 3 per cent, of impurity (approximately I per cent, carbon 
dioxide, 1*5 per cent, oxygen and 0*5 per cent, nitrogen). This was les.s 
pure than the ox>^gen and nitrogen used, which were usually 99*5 per 
cent, pure, and the experimental accuracy which could be obtained when 
using carbon monoxide was correspondingly lower. 

The Conversion of Carbon Monoxide to Carbon Dioxide on 
the Carbon Surface. 

The conversion of carbon monoxide to carbon dioxide was investigated 
on coconut charcoal, graphite, anthracite, and iron treated coconut charcoal 
by passing mixtures of carbon monoxide and nitrogen, carbon monoxide 
and oxygen, and nitrogen and oxygen over the carbon at various tempera- 
tures and analysing the products. It was found that in no case is there 
any conversion of carbon monoxide to carbon dioxide except in the presence 
oxygen. The process therefore appears to be an oxidation and not, as 
was previously supposed, an autoxidation. The results obtained witli 
mixtures of carbon monoxide and oxygen are shown in Table I. Com- 
parison of the products obtained from a carbon monoxide-oxygen mixture 

^ I^ambert,. Trans. Faraday Soc., 1936, 32, 452. 
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TABLE I. — Oxidation of Carbon Monoxide. 


Type of Carboo. 

Temp. 

Flow Rate. 

Initial Percentage. 

Final Percentage. 

c.c./mio. 

B 


CO, 

CO*. 

0,. 

CO. 




266“ c. 

8*02 


^9 

0 

17*9 

26-3 

2*2 

Coconut 




H 

53 *^> 

17*4 

28-9 

5365 

Charcoal. 

440° C. 

S-02 

46-4 

0 

53 *^ 

> 90 0 

— 

— 


369° c. 

8-02 

464 

0 

53 '^> 

51*7 

2*03 

463 


253 * C. 

8*02 

464 

0 

53 *^ 

I 3'9 

32-8 

53*3 

Graphite. 

453 * C. 

8-02 

464 

0 

537 

> 90-0 

— 

— 




40-3 

53*7 

0 

12*9 

28-0 

4*4 

Anthracite. 

387° 

8*01 

4<>-3 

0 

53 7 

16*3 

28*2 

55*5 




4(>-3 

0 

53 7 

10*3 

28-85 

54*9 




40-3 

53*7 

0 

13*7 

28-5 

5*5 


460® c. 

7*97 

4 t '3 

0 

53 7 

49-5 

i-8i 

48-9 




4 <i *3 

53*7 

0 

37-6 

1-7 

iO '55 


414® c. 

8*04 

54-3 

45*7 

0 

2405 

14*6 

8-2 


* 


! 53-2 

0 

46-8 

30-6 

14*0 

55-3 


41 1® c 

Sii 

47*4 

0 

52-6 

10-5 

33 't' 

55*9 

Iran-treated 

Coconut 


I 

47*4 

5 20 

0 

10-7 

32-6 

5*3 

Charcoal. 


8'05 

47-2 

0 

5 ^*‘^ 

457 

j 2-01 

52*4 




45 -<’ 

! 54-4 

1 

i 

28 ‘() 

1 

22*7 


with those obtained under the same conditions from a nitrogen-oxygen 
mixture containing tli^ same percentage of oxygen shows clearly whether 
or not oxidation of carbon monoxide is taking place but is insufficiently 
accurate to give information about the kinetics or mechanism of the re- 
action. It is not possible with the experimental accuracy available to 
sort out the results of primary carton oxidation, secondar\' oxidation of 
the carton monoxide produced and primary oxidation of the carbon 
monoxide initially present together with the accompanying volume changes. 
The qualitative information which is obtained however enables several 
important conclusions to be drawm. 

Discussion in Relation to Previous Results. 

The small temperature range over which experiments could be made 
on the kinetics of oxidation of each form of carbon used was arbitrarily 
determined by the relation between rate of reaction and the available 
rates of gaseous The experiments on coconut charcoal were made 

in iht neighbourhood of 260* C.k those on graphite 450® C., on anthracite 
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and on iron treated charcoal 380-390® C. Under these conditions graphite 
and coconut charcoal were oxydised to carbon dioxide, and anthracite and 
iron treated coconut charcoal to a mixture of carbon dioxide and carbon 
monoxide with the proportion of carbon dioxide increasing with the time 
of reaction. Table I. shows that although rapid oxidation of carbon 
monoxide takes place; on coconut charcoal at higher temperatures there 
is no trace of this at 260® C. so that the assumption which was previously 
made that carton dioxide is the sole primary product of reaction is justified. 
In the case of graphite rapid oxidation of carbon monoxide does take place 
at 450 ®C. but the very close resemblance of the reaction kinetics with 
those shown by coconut charcoal, together with the fact that no trace of 
carbon monoxide is found in the reaction product gives some justification 
to the same assumption. Anthracite, as was to be expected, shows a 
definite though not very rapid oxidation of carbon numoxidc at 387® C., 
which is sufficient to account for the variation in the composition of the 
oxidation product, and a much more rapid oxidation of carbon monoxide 
at higher temperatures. The iron treated charcoal shows considerable 
oxidation of carbon mtinoxide at higher temperatures but no appreciable 
effect at 41 1® C., although when oxydised at 31)0® C. its behaviour was 
similar to that of anthracite : possibly different samples vary in this 
respect. The oxidation of both of these latter charcoals gave an apparent 
course of total reaction with time approximating closely to first order.' 
As the conversion of carbon monoxide to carbon dioxide is an oxidation 
and not an autoxidation f2CO~> €0,4- C) as was previously assumed, 
the secondary process will increase the total percentage of oxygen which 
has reacted. The approximation to first order is, therefore, fortuitous as 
with increasing time of reaction a considerable proportion of the observed 
percentage reaction must be attributed to secondary oxidation of carbon 
monoxide. The rate of the primary reaction must fall oil with time more 
rapidly than the observed rate and the primary reaction must be of an 
order higher than first. This is in complete accordance with the views 
put forward later. 

Experiments on Manganese Treated Charcoal. 

General inspection of Table I, show.s that at high temperatures carbon 
monoxide undergoes oxidation much more rapidly on coconut charcoal 
and on graphite than on anthracite and iron treated charcoal. It would 
appear that the presence of iron on the carbon inhibits the surface oxidation 
of carbon monoxide to a large extent. This suggested that it might be 

TABLF II.— Course of Reaction with Time. 

Temperature 389° C. Initial Oxygen Concentration 36 Per Cent. 


Flow-rate. 

1 

1 Percentage Reaction. 

Second Order Reaction 
Constant. 

COt 


To CO,. 

To CO*. 

Total. 

CO* 

c.c./min. 

9-89 

13-2 

37 

i6*9 

2*01 X 10* 

1-82 

4-94 

22*2 

5 ‘« 

28*0 

1-92 X 10 * 

1*91 

3-369 

28*0 

7*5 

36-4 

1*88 X 10 * 

1-94 

9-89 

12-8 

3*2 

i6*o 

1-88 X IO-* 

1*98 


* The “ percentage reaction to CO ** is half the actual percentage CO found A 
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possible to find another " promoter ** which would show the same effect 
as iron and in addition inhibit completely the secondary carbon monoxide 
oxidation at a temperature when the primary combustion took place at 
a measurable rate ; thus enabling investigation of the true composition 
of the primary reaction product. It was found that a sample of coconut 
charcoal treated 
with manganous 
chloride by a 
process identi- 
cal to the previ- 
ously described 
treatment with 
ferric chloride ^ 
fulfilled the re- 
quired condi- 
tions, and ex- 
periments with 
this charcoal are 
described below. 

The charcoal 
undergoes oxi- 
dation at 
roughly the 
same conditions 
of temperature 
and rate as an- 
thracite and iron 
promoted char- 
coal to a mix- 
ture of carbon 
dioxide and car- 
on monoxide. 

The Course 
of Reaction with 

Time is shown by Table II. and is approximately described by a second 
order equation. The ratio of carbon dioxide to carbon monoxide in the 
product is almost constant and independent of the time of reaction. 

The effect of Initial Oxygen Concentration is shown in Fig. i. The 
percentage reaction in a given time decreases a little A\ith increasing 

TABI.K III. — Effect of Carbon Dioxide. 


Temperature, 409-5® C. Rate of Flow, 9-56 * 


laitial. 

Final. 

Percentage 

Percentage 

Percentage 

Percentage 

; Percentage 

Of 

Nf 

CO,. 

COf 

CO. 

35-« 

64-2 

0 

7-0 

t-s 

350 

0 

64 *2 

71-5 

1*43 


oxygen concentration : behaviour which would be showm by a reaction 
of slightly less than first order. The composition of the product is almost 
constant. 

The Energy of Activation is approximately 23,000 cal. (c/. Coconut 
Charcoal E = 29,000 cal., Anthracite E = 31,000 cal.). Fig. 2 shows 
log k (calculated as for a second t)rder reaction) plotted against the recip- 
rocal of the absolute temperature. 


Temp. 414‘‘C. T lorn rate 4 -65 cc./;j,i„ 

I— » \ r 


% 


80 


% 

I 


40 


1 


I 

.S: 




1 

1 

1 

1 

1 

1 

1 

— ^ 



— 

\o 


1 

1 

1 

p 

1 • 




% 

0 


* 

t 

1 

1 

I 

f 1 


. 

1 

1 

1 

1 

1 


1 

1 

• 

1 

1 

1 


r~ 

1 

P 

1 

1 

— 1 

1 

i 

|0 

i? 

! 

/ ! 

« 

1 

1 

I 

• 


1 

1 

1 

1 

1 

1 

• 

» 

1 





60 


9 CO. 
O CO^. 
G Total. 


80 


10 40 

Percentage Reaction. 

Fig, I . — Effect of Initial Oxygen Concentration. 
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effect on the reaction, the percentage of carbon dioxide formed remaining 
unchanged when carbon monoxide is substituted for nitrogen in the 
mixture. At a higher temperature 517® C. definite oxidation to carbon 
dioxide has set in. 

The variation of the composition of the reaction product under different 
conditions is shown in Table V. The experimental data in this table 

TABLE V. — Composition of Reaction Product. 


Mixtures of Oxygen and Nitrogen. 


Temp. 

Rate of Flow, 
c.c./min. 

Initial 

Percentage. 

Oa 

Product. 

CO, 

CO* 

Percentage 

COa 

Percentage 

CO. 

389° c. 

9 - 8 y 

30*5 

4*55 

2*3 

I *98 

• 

9-87 

30*0 

14*8 

10*4 

1*42 

330° C 







3*^5 

37*0 

21*65 

1214 

1-78 

402* c 



7*1 

37 

1*92 

374 - 5 ° 



3 * 3 ^> 

1*75 

1*92 


10*1 

35-5 




432 - 5 ° (’ 



9-9 

5*6 

.•78 

403° C. 



0*2 

3*2 

1*94 


io*oS 

35 *« 

12*95 

7*7 

1*68 

478" C. 







3*34 

30*6 

20*7 

10*0 

2*07 


10*13 

35 *<> 

9-07 

4-9 

1*97 

uo® 







3 ' 3 <^ 

35 5 

» 7-3 

8-3 

2 08 


10*17 

36* I 

1 1 -05 

5*^3 

1*90 

443° c- 







3*00 

3<>*.5 

i *S-7 

9*2 

2*03 


y^5 

1 3<»*3 

j 197 

97 

2*03 

4(>o® C. 





i 

10*14 


j ... 

6*S 

I *80 

417° C, 

1014 

360 

j 8-24 

37 

2*22 


9*05 ' 

347 

i (>•<> 

3*7 

2*25 

407° C. 







3*30 

1 

34-2 

i i 3 - 5 '> 

5 ’99 

i 

228 


were all given by a single sample of charcoal and are arranged in the order 
in which they were obtained. At temperatures between 370® C. (the lowest 
temperature at which measurable oxidation took place) and 430® C. the 
ratio of carbon dioxide to carbon monoxide is independent of the time 
of eaction and approximately constant between CO 3 /CO = 1*9 — 2*0. 
There is a tendency for the proportion of carbon dioxide to increase as the 
charcoal burns away : the last value of the ratio taken at 407® C. is 2*28. 
At temperatures above 430® C. the proportion of carbon monoxide be^s 
to show a definite increase, partially masked by the simultaneous setting 
in of secondary carbon monoxide oxidation. 


55 
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Discussion. 

The kinetics of the oxidation of manganese treated charcoal show a 
course of reaction approximating to second order, and an effect of initial 
oxygen concentration approximating to first order. This can be inter- 
preted in terms of a reaction of an order between first and second with 
respect to oxygen and retarded by the reaction products, following an 
expression of the form : 

d [products] _ 

I + ^ [products]* 

If “ ” has a value between one and two the retardation factor “ b 

[products] ** will cause the rate to fall off more rapidly with time than it 
would otherwise do, thus increasing the apparent order of reaction towards 
two ; whilst the accelerating effect of an increase of the initial oxygen 
concentration will be counterbalanced by an increase in b [products]^ 
diminishing the apparent order towards one. An order between first 
and second would be shown by a mechanism involving the breakdown 
of an incomplete surface oxide layer on impact of oxygen molecules from 
the gas. The oxide layer being incomplete, its extent will be propor- 
tional to a fractional power of the oxygen pressure and : 

Rate of reaction == ^ X (number of impacts of gaseous oxygen mole- 
cules on surface oxide layer). 

= k X [O2I (amount of surface oxide). 

= ](»+"> 
n ** being a fraction less than unity. 

Such a mechanism is in accordance with the views previously expressed 
and with the experimental results except in so far as Tables III. and IV. 
show no trace of retardation by either carbon monoxide or carbon dioxide. 
It is difficult to find any alternative explanation of the kinetics, and this 
suggests that the primary product which gives retardation is due to 
something other than free carbon dioxide or carbon monoxide which 
gradually accumulates on the surface. 

It is interesting to note that the carbon suboxide described by 
Klemenc,* decomposes at 400° C. to give carbon monoxide and carbon 
dioxide in ratios varying from COg/CO = 2*12 •— 1*86 which are in 
striking agreement with the values given in Table V. for temperatures 
in this region. The proportion of carbon monoxide produced by de- 
composition of the suboxide increa.sed with rise of temperature, as was 
found in our experiments, reaching a value of COJCO == ro at 500® C. 
This cannot be compared with values in Table V., as considerable secon- 
dary oxidation of carbon monoxide had set in before this temperature, 
but the ratios found at 530® C, are not incompatible with a primary ratio 
of I ; I. There is scarcely sufficient justification for supposing that 
carbon suboxide itself is the primary product of oxidation of man- 
ganese treated charcoal in view of the very complex phenomena involved 
in its decomposition and the difficulty of predicting their influence on 
the kinetics of the reaction, but considerable similarity clearly exists 
between the two cases. 

All the above considerations may be applied equally to the phenomena 
observed with anthracite and iron-promoted coconut charcoal if the 
secondary oxidation of carbon monoxide is taken into account. 

• Klemenc, Weehsberg and Wagner, Z. physik. Chem,, 1934, 170, 9 
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Summary. 

Previous work ^ had shown that carbon containing iron is oxydised 
at 400° C. to give a mixture of carbon dioxide and carbon monoxide as 
primary product. The reaction mechanism is obscured by secondary 
conversion of carbon monoxide to carbon dioxide, which masks the ratio 
in which the two gases are initially formed. Further investigation has 
been made of this secondary process, which has been shown to be an 
oxidation occurring more rapidly on a clean carbon surface than on a carbon 
surface containing iron. The earlier experimental results are discussed 
in the light of the information obtained. 

It has been found that coconut charcoal treated with manganese shows 
similar behaviour to iron treated charcoal on oxidation at 400® C. but 
without secondary oxidation of carbon dioxide monoxide.. The oxidation 
of this charcoal has been fully investigated with special reference to the 
composition of the product, and the reaction mechanism is discussed. It 
appears possible that a gaseous complex similar to carbon suboxide • is 
the primary product of oxidation. 

The author is very grateful to Mr. C. N. Hinshelwood for his interest 
in the whole of this work. 

Physical Chemistry Laboratory^ 

BalHol College and Trinity College^ Oxford, 


THE VAPOUR PRESSURE AND HEAT OF SUB- 
LIMATION OF CARBON. 


By Paul Goldfinger and William Jeunehomme. 

Received ^th July, 1936. 

1 . The value usually accepted for the heat of sublimation (vaporisa - 
tion) of carbon, corresponding to the process 

C^iiAinood = G(*P)gag Lq , , . (l) 

at o® K is Lq i$o kcal.^ This value was obtained originally by 
K. Fajans * from the vapour pressure measurements of H. Kohn and 
M. Guckel.® Their method is, however, very indirect, and their results 
seemed to be in disagreement with those of other authors.^ Besides, it 
is necessary to consider the fraction of Cg in the carbon vapour ® and 
the data necessary to calculate the equilibrium 

2C = C2 + />c. . . . . (Itf) 

are very incomplete. 

* E,g., R. G. W. Norrish, Trans. Faraday Soc,, 1934^ 3 ^* 

•Z. Elektrockemie, 1925, 31, 60 ; Z. Physik, 1920, 1, 101. 

* Ibid,, 1924, 37, 307. 

* Of the numerous references given in the International Critical Tables on the 
vapour pressure of carbon only three, except the work of Kohn and Guckel, 
concern expermental determinations : (a) Werlenstein and Jedrzejewski, Comptes 
rendus, 1923, 177, 316 ; (6) A. Thiel and F. Hitter, Z. anorg. Chemie, 1924, 13a, 
*25 ; {c) E. Ryschkewitsch, Z, Elehtroakemie, 1925, 31, 54 ; see also A, L. Marshall 
and F. J. Norton, J, Anur. Chem. Soc., 1933. 55 * 43 i* 

•G. B, Kistiakowsky and W. E. Vaughan, Physic, Rev., 1932, 40, 47, 
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Several authors have therefore sought to obtain a more exact value 
of Lq from thermochemical cycles.® However, only the relation ’ 

Lq = Dqq — 86-3 ± 0*2 kcal. (86*3 kcal. = 374 v.) . (2) 

between Lq and the energy of dissociation, Dqq^ of the normal CO mole- 
cule to normal C and O atoms is sufficiently accurate to permit an 
improvement of the former value. 

A few other magnitudes, related to therefore to Lq, were 

given recently by P. Goldfinger, W. Lasareff and B. Rosen.® 

It may be useful to emphasise that older spectroscopic data on Dqq 
were rather uncertain : the value given by R. S. Mulliken for example • 
was obtained from thermochemical data,” i.e., probably from Lq : to 
use this value, as certain authors have done, to obtain Lq from Dqq is of 
course a cit cuius vitiasus. 

2 . Recently considerable progress has been made concerning the 
spectroscopic value of Dqq. 

D. Coster and F. Brons as well as R. Schmid and L. (ierd have 
observed predissociation in == o, / = 38 and z; = C / “ of the 
level of carbon monoxide. The asymptote of the perturbing electronic 
level lies according to B. Rosen at 1 1 *06 i 0*(X)5 v. We have there- 
fore 

Dqq = ii*o6 ± 0*005 — E v. . . • (3) 

where E is the sum of the electronic activation energies of the dissociation 
products of the perturbing level. 

Three values in agreement with equation (3) were discussed by 

Goldfinger, Lasareff and Rosen ; ® 
these and the corresponding values of 
Lq are given in Table I. 

There is only one intermediate 
value, Dqq — 9*81 v., but this is, ac- 
cording to D. Coster and F. Brons 
in disagreement with the data on 
the A^n level of CO ; other inter- 
mediate values, as for example 
Dqq — 10*4 v.*2 are in disagreement 
with equation (3), because there 9re 
no other electronic levels of C and 
O, with small activation energy, ex- 
cept ^D and ^5, and these were con- 
sidered in Table 1 . in all combinations. 

In a preliminary note, Goldfinger and Lasareff ’ have proposed the 
value Dqq = li v., the corresponding value of Lq being in best agreement 
with the usually accepted data ; as will be shown here, the vapour 
pressure curve of carbon, calculated from this value is in sufficiently 

• G B. Kistiakow.sky and H. Gershinowitz, J. Chem. Physics, 1933, i» 

432- 

V. D. Ros.sini, Bureau of Standards /. Pes., 1934, I3r 21 ; P. Goldfinger and 
W. Lasareff, Nature, 1935, 135, 1077. 

® P. Goldfinger, W. Lasareff and B. Rosen, Comptes rendus, 1935, 201, 
cf. alj»o Copies rendus du 2 me Congres National des Sciences, Bruxelles, 1935- 

• R. S. Mulliken, Rev. Modern Physics, 1932, 4, 1. 

D. Coster and F. Brons, Physica, 1934, I, 155, 634 ; R. Schmid and L. Ger5, 
Physik, 1935, 93, 656 ; 96, 198. 54^^ 

Nature, 1935, *3^1 2z6. 

R. LesBheim and H. Samuel, ibid., 136, 606. 


TABLE I. — Spectroscopic Wm.ves 
OF THE Dissociation Energv 
OF Carbon Monoxide (Doo^ and 
Corresponding Values ok the 
Heat of Sublimation of 
Carbon (Lq). 


1 

I. 

II. 

III. 

Deo 

11 *06 

1 

9-10 

8*39 V. 

Lc 

168-8 

123-6 

1 

107-2 kcal. 

1 
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good agreement with the data of Kohn and Guckel and the discrepancy 
with those of Ryschkewitsch, Wertenstein and Jedrzejewski as well as 
Marshall and Norton ^ can easily be explained. 

However, from the spectroscopic standpoint, the value Dqq == 9*iO v. 
first proposed by Rosen ^ seemed much more satisfactory. In fact, this 
value gives for the dissociation energy of the A^U level 4*3 v., whereas 
the former value would give 3*07 v. ; the extrapolated value is about 
4 V., vibrational levels being observed up to 2-41 v. Moreover, the 
missing of the higher vibrational levels of the state can only be 
explained if there is a perturbing level with an asymptote below II v. 
Therefore D^q = 9*10 v. was accepted by Goldfinger, Lasareff and Rosen,* 
who have shown also that different magnitudes, which are related to Dqq 
are in much better agreement with this value, than with the value 
Deo ^ 8*39 v. proposed by Coster and Brons and Schmid and Gero. 

The present paper was practically concluded, when Brons published 
results concerning a predissociation at 9-68 v. and Schmid and Ger6 ^ 
on a predissociation at 9*57 v. This is a definite argument against the 
value Dqq = i ro6 v, ; although the arguments of Brons as well as of 
Schmid and Gero in favour of Deo = 8-4 v. are not considered as 
definite by G. Herzberg,^* who also proposes Deo = 9*1 v. His con- 
siderations, as wtI! as those of Goldfinger, Lasareff and Rosen • can be 
applied a fortiori to the value 6*9 v. proposed by Schmid and Gero.^ 

It seemed possible to improve considerably the accuracy of the dis- 
cussion, by calculating, by the methods of statistical mechanics the 
vapour pressure curves for the three values of given in Table 1 . 
These curves are sufliciently different to make a decision between them 
possible even with rather rough experimental data. This would permit 
us then to obtain finally, by equations (2) and (3), a value of which 
must be exact within less than 0*5 kcal. 

3 . The equilibrium pressure of monatomic carbon vapour, considered 
as an ideal gas, in presence of solid or even liquid carbon can be calculated 
with an accuracy w'hich is certainly much higher than could be obtained 
by any direct measurement, supposing, of course, that a decision between 
the three values of given in Table I. is possible. 

{a) The mokil free energ\^ (F|®) of monatomic carbon vapour is 
given in the notations of F. W. Giauque by 

R log, - 3/2 R log, M, - R log, (?, 

- (5/2 R log, T + C + R log, R) . (4) 

where is the zero point energy- of carbon gas, R — 1-986 cal. the 

(2rrk)^^ 

gas constant per mole, C == R log, -3 — — — 16-024 the Sackur 
constant and M — 12-00 the atomic weight of carbon ; 

( 2 i - 9 + 5 . + . . • . 

^•Instead of this value ” Goldfinger and I^sareft " gave first = 8*79 v., 
from an extrapolation of the A^fl level, since the exact value of the 'asymptote 
(n*o6 V.) was not then known. 

Nature, 1935, * 3 ^* 79t> ; Phys^ica, 1935. 2, 1108 ; see, however, L. Ger6, 
Z. Physik, 1936, 99 » 5 ^^- 

R. Schmid, ibid., 1936, 99, 274 ; R. Si-hmid and L, Ger 5 ; ibid., 1936. 99, 287. 
“ Letter to the editor of Nature, 1936. 137, 620 ; cf. also a detailed discussion 
by Herabcrg to be published soon. By the kindness of Professor Hereberg, we 
were able to see the manuscript before publication. 

/. Amer. Chem. Soc., 1930, 52, 4808. 
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is the partition function for the electronic levels of the carbon atom (the 
second term already represents only a correction of about I per cent, at 
4000® K. and 2*5 per cent, at 5000® K., and was therefore neglected). 

The right-hand side of equation (4) is simply obtained by adding the 
values of the function 5 /2 R log, T + ^ ^ log, R, given by Giauque 

(loc. HiP p. 4827) the practically constant value 

R log, 12-00 4- R log, 01 = 11*768 


entropy units (cal. /degree). 

{b) The free energy (F/) of solid graphite is given by the classical 
formula 






fAT 


( 5 ) 


where is the specific heat at constant pressure. For the specific heats 
up to 2500® K. we have used the data of the International Critical Tables : 
from 298-1® to 1200® K. the formula of A. Magnus'® and from 1200® to 
2500® the formula of Worthing.'® Above 2500® Fajans estimated 
Cp = 6*5 cal. for solid carbon up to the melting-point, which lies at 
3800® K.,*® and = 8 cal. for liquid carbon : we used the former value 
from 2500® to 3800® K. and the latter value from 3800® upwards. More- 
over, at these high temperatures even a considerable error in Cp docs 
not appreciably influence the value of the vapour pressure. 

Above the melting-point the gas is in equilibrium with liquid carbon : 
according to the Clausius-Clapeyron equation the free energy obtained 
from equation (5) must be corrected to give the free energy of liquid 
carbon Fj® : 


F,® F,® A. (r-- 3800®) 

T - r j 38 ^ 


iSa) 


A the heat of fusion at 3800® is not known. Fajans * made an estimate 
of A~8 kcal., on the basis of a rule for melting-points and heats of 
fusion analogous to Trou ton's rule. According to this rule, it seems to 
us safer to take A 13 kcal. although an error of 50 per cent, in A intro- 
duces in the calculated equilibrium pressure only an error of about 10 to 
15 per cent, between 4000 and 4SCX)® K. 

(r) The equilibrium condition is F,® == Fj® (and above the melting- 
point Fj® == Fi®) ; R leg. Pi is given by the difference of equations (4) 
and (5), where £„® — F^® = Lq, Table II. gives the values of logjQ Pi 
for the three different values of 

For the right value of Lq up to about 3000® K. the logjoFj values arc 
probably accurate within about ± I per cent. In Table II. we have 
given for comparison with our values of (F® — Fo®)/r for graphite those 
of 0 . Clayton and F. W. Giauque ; the slight differences seem to be 
within the accuracy mentioned above. A zero point entropy of graphite 
as suggested by A. R. Gordon would change log^pFi by about o-i, i.e., 
Pi by about 25 per cent, for all temperatures ; nevertheless, even very 
exact vapour pressure measurements can decide this question only if 
our knowledge on the equilibrium (la) is considerably improved. Above 
3000® K. the calculations become uncertain, and it is possible that an 

^^Ann, Physih, 1923, 70, 303. Physical Rev., 1018, la, i 99 - 

Ryschkewitsch * and H. Alterthum, W. Fehse and M. Pirani, Z. Elekifo- 
chemie, 1925. 31, 313. 

Amef. Chem. Soc., 1932, 54, 2623. 

**y. Chem. Physics, 1933, 30 ®- 
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error is introduced which increases with temperature and reaches about 
10 to 15 per cent, near 5000® K. 

TABLE II. — Equiubrium Pressure of Monatomic Carbon Vapour in 
Presence of Graphite for Different Values of the Heat of 
Evaporation. 


Temimture 

T * 

D>gio Pi (Atmotpheret). 

Our 

Calculation. 

Giauque and 
Clayton. 

Io-i68-8. 

Lo« 123*6. 

Lo«*io 7 ^ 

2981 

0*545 

0-545 

_ 



1200 


3*391 

— 

— 


2000 

5*427 

5*394 

- :o-38i 

“ 5*407 

- 3-647 

2500 

6-424 

6-411 

— 6()7I 

— 2*692 

— 1*284 

3000 

7*314 

7*309 

— 4-208 

~ 0-892 

4- 0-281 

3500 

8-103 

— 

- 2-459 

1 -h 0-383 i 

+ 1-389 

4000 

8-8i 

— 

- 1-19 

-r 1-30 

-f 2 -i8 

4500 

9-47 

— 

-- o- >6 

I -r 1-97 

+ 2-73 

5000 

< lO-OI 

i 


-f 0-50 

1 -*- 2-50 

! 

+ 3-20 


For the subsequent discussion it may be useful to remark that even 
if somewhere above 2500® K. (limit of Worthings measurements) a 
hitherto unknown transformation point of graphite should occur, an 
error of 0*3 to 0*5 units in log^o Pj seems already very improbable, as can 
be seen by equation (5a). 

(d) The equilibrium (la) can only be evaluated very roughly, because 
the value of Dc. is quite uncertain. The free energv^ Fj® of Cj molecules 
is given by an expression of the same form as equation (4), except that 
here = 0# + + 0r, where 0^, and Qr are the partition functions 

of the electronic, vibrational, and rotational energy of the C2 molecule. 

Since the calculation cannot be done exactly, it seems sufficient to 
consider only the lowest state of multiplicity 6 and use for 0, the 

Einstein formula 0^ = with 6 = 2333® and ^ 0 r = — 

with / =: 34*07 X 10“"^® e.g.s. The equilibrium condition is 2Px® = F2^ 
this gives 

- i? tog. K =- i? log, ^ = I /? log. A/, + (I i?log. T+C + Rlog,R) 

^ Op ® . 77 ® 

log. 2 + R log. 9^ R log. 0, - P log. Qr - Y ^ 

where ^Cv dissociation energy of C* into two normal 

carbon atoms. Table III. gives the log^Q K values for Dci =125 kcal. 

TABLE III. — Equilibrium Constant of the Equilibrium C. ~ 2C — Do.. 
Calculated for Dc, — 125 kcal. 

T® K. 2000 2500 3000 3500 4000 4500 5000 

l<>giiP 8*5 5*8 4-0 27 1-8 II 0*5 

4 * In the figure we have plotted the three sets of calculated values ot 
against l/T (curves a) as well as the curves representing the 

•• Gibson and W. Heitlcr. Z. Physik, 1928, 49, 465, 



1596 VAPOUR PRESSURE AND HEAT OF CARBON 


experimental observations. It is clear that the three calculated curves 
are widely separated, even if considerable errors were made in the cal- 
calculations ; this is still more the case for the curves (6) in which 
allowance is made for Cg in equilibrium with C. 

The lowest values for the vapour pressure, i.e., the highest values for 
the heat of evaporation were obtained by the measurements of vaporisa- 
tion rates by Wertenstein and Jedrzejewski and Marshall and Norton.* 
Since this method always gives too low values, it can be understood that 
the experimental vapour pressure was found only between i per cent. 
(Wertenstein and Jedrzejewski) and lo per cent. (Marshall and Norton) 
of the values calculated with Lq = i68*8 kcal., whereas the disagreement 
with the other curves is more than 4 powers of lO. 



On the other hand, we have to consider the fraction of Cg in the 
carbon vapour. The corresponding curves in the figure are marked with 
a “ b.** In the case of 168*8 kcal. we obtain with the equilibrium 
constants of Table III. the figures given in Table IV. 

TABLE IV. — Partial Pressure of C, and Total Vapour Pressure of Carbon 
Calculated for Lq — i68»8 kcal. and Z>o, = 125 kcal. 

T® K. 2000 2500 3000 3500 4000 4500 5000 

logic -P** (atm.) - 12*45 -7*75 —4*6 —2*4 — o*8 +0*35 + 1*3 

logioP. Total. —10*38 —6*64 —4*07 —1*92 —0*65 -f- 0*44 *f i *37 

As can be seen in the figure, this gives a sufficiently good agreement 
with Kohn and Guck^l and Ryschkewitsch’ measurements with the arc 
method. 
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We arrive thus at the curious result that direct experimental evidence 
favours the vapour pressure curve which we have to reject on spectro- 
scopic grounds. As a matter of fact, Thiel and Ritter’s measurements, 
although the authors do not claim a high degree of precision, seem to be 
more in favour of Lq == 123*6 kcal. (see the figure), and it is always much 
easier to understand that equilibrium pressure has not been obtained, 
than the existence of a pressure which is higher than equilibrium. 
Furthermore, according to K. Warmuth,^ Kohn and Guckel’s tempera- 
ture values were too high, i.e.^ their vapour pressure values too low, 
and this would equally favour Lq = 123*6 kcal.*® However, even if we 
take these points into account, this curve lies very high, and it seems 
necessary to assume that the vapour pressure of monatomic carbon is 
practically equal to the total pressure, at least in the lower temperature 
range, say up to about 2500 or 3000® K. This is only possible for 
Do, 4 v.c. ; curve {h) for = 123*6 and 107*2 kcal. has been calcu- 
lated with this value. Even in this case the vapour pressure reaches a 
value of I mm. at about 2500® and of l atmosphere near 3100® K. This 
is an order of magnitude by several powers of 10 higher than any value 
hitherto accepted, and it seemed interesting to undertake vapour pressure 
measurements with a new direct method, e.specially since the present 
calculations show that it is sufficient to determine the order of magnitude 
in order to decide between the different curves and thus obtain an 
extremely precise value ; we hope to publish soon the results of the new 
measurements which arc now in preparation. 

Since Lq = 123*6 kcal. gives already unexpectedly high values for the 
vapour pressure, this is a fortiori the case for Lq = 107*2 kcal. ; in this 
case, even for so low a value of Dq^ as 4 v., carbon vapour would be 
composed practically of Cj at all temperatures (curve h). A pressure of 
I mm. would be reached at about 1900® K. and I atmosphere near 2500® K. 
This is about 1000 times higher than for Lq = 123*6 kcal. 

Therefore, also Schmid and Gero’s value of Dqq = 6*9 v. (L^ ~ 78 
kcal.) must be considered highly improbable. These authors assume 
that the evaporation gives carbon atoms in the ®5 state : such an inter- 
pretation could be possible for dynamical experiments (rate of evapora- 
tion). We have to consider, however, that in equilibrium, for such a low 
value of practically all the carbon vapour is diatomic, therefore the 
energy change AE of the evaporation is given by equation (l) that is AE 
= Lq about 73 kcal. for Dqq ~ 6*9 v. It seems ver\’ improbable that a 
vapour pressure of the order of that of silver, should never have been 
observed in the case of carbon, for example, in highly heated carbon tubes. 

Summary. 

1. Three values of the heat of vaporisation of carbon Lq — i68*8 ; 
123-6; and 107-2 kcal. are discussed. These values were obtained from 
three values of the dis,sociation energy of carbe^n monoxide w*hich are in 
agreement with the predissociation limit at ii-o6 v. The vapour pressure 
curves of carbon were calculated for these values. Intermediate values 
can be ruled out by spectroscopic arguments. 

2. The direct measurements of the vapour pressure of carbon described 
in the literature lie mostly between the curves calculated for Lq = 168*8 

** fVissensekafti Verdffentl, (Us Stemanskonzerns, 7 « 3^7 * Chemisekes 

Zentralblatt, 1928, J, i860. 

The temperature scale of Ryschkewitsch was practically the same as Kohn 
and Guckels, so that his results should also be correctedi 

55 • 
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kcal. and 123*6 kcal. ; only the values obtained from the rate of evaporation 
give lower vapour pressures that is higher heats of vaporisation. Lq = 168 *8 
kcal. gives the best agreement but it cannot be accepted for spectroscopic 
reasons. The vapour pressure calculated from Lq == 107*2 kcal. or still 
smaller values, is by several powers of 10 higher than can be expected from 
available empirical data. 

3. The most probable value of the heat of vaporisation of carbon is 
therefore Lq = 123*6 ± 0*5 kcal. The corresponding value for the dis- 
sociation energy of carbon monoxide is D^o == 9 ‘To i 0*005 v. = 209*9 kcal. 
The dissociation energy of Cj is probably of the order of v. --^90 kcal. 

We wish to thank our friends, W. Lasareff, M. Letort, and B. Rosen 
for many valuable discussions, and R. B. Mooney for correcting the 
manuscript. 

One of us (P. (>.) wishes to express his gratitude to Professor Jules 
Duesberg, Recteur de I’Universit^ de Li^gc for giving him the oppor- 
tunity of working at that University. His thanks are also due to 
Professor V. Henri for his hospitality in his laboratory. 
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THE ACTION OF ULTRASONIC WAVES IN 
SUSPENSIONS. 

By F. J. Burger and K. Sollner. 

Received 27th July, 1936. 

In a recent paper ^ the formation of stationary wave patterns (Kundt*s 
dust figures in liquids) in emulsions and .suspensions caused by ultra- 
sonic waves has been discussed. 

A number of other phenomena observed in colloidal or semi-colloidal 
systems exposed to ultrasonics were found to be connected with this 
general effect. They are : 

(1) The orientation of anisometric {i.e., rod or plate-shaped) particles 
in an ultrasonic field. 

(2) The solidification of concentrated suspensions (rheopectic solidi- 
fication by sound). 

(3) The neutralisation of dilatancy by an ultrasonic field. 

A characteristic feature of all systems which exhibit these phenomena 
is that the particles are big enough to be influenced individually by the 
sound waves, contrary to the behaviour of normal gels {e.g,^ iron oxide 
or gelatin gels), where the disperse system behaves like a continuous 
homogeneous system of which the particles are so small that energy can- 
not be scattered by them to any appreciable extent.* 

I. Orientation by Ultrasonics. 

When investigating the formation of stationary wave patterns in 
a field of ultrasonics ^ it was natural to expect that non-spherica! particles 
might be orientated with their longer axis normal to the flux of energy^ 

1 K. Sollner and C. Bondy, Trans. Faraday Soc., 1936, 3a, 6i6. 

• H. Freundlich and K. Milner, ibid., 966. 
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This was tested by applying a field of moderate energy to rather dilute 
suspensions prepared from rod- or plate-like particles and using suitable 
containers. Macroscopic pieces of glass or quartz wool and also small 
plates of mica and mosaic gold which were lying flat in a horizontal tube 
prior to irradiation, are orientating themselves by assuming a position 
normal towards the flux of energy (this being parallel with the axis of the 
tube) as soon as not too weak a field is applied, in this way forming 
stationary wave patterns. 

It is advisable in this experiment and all following ones to secure 
an electric charge of the particles by adding a suitable electrolyte, gener- 
ally NH4 . OH, otherwise coagulation may become a source of trouble. 
Furthermore it is here advisable to use partially degassed water. ^ 

Suspensions of rather fine asbestos fibres possessing only a slight ten- 
dency to settle, show the same phenomena when irradiated in a long 
vertical test- or U-shaped -tube, the particles first being orientated and 
later on accumulated in the liquid. 

An orientation is also indicated by the appearance of a silky gloss in 
the zones of accumulation of the sediments in horizontal tubes when irra- 
diating similar suspensions containing particles too small to be seen in- 
dividually. According to the nature and size of the particles the pheno- 
menon may persist (in the sediment) for some time after the irradiation has 
been discontinued. 

With very sipall energies an impressive demonstration of the orienta- 
tion phenomenon can be given by using highly dilute suspensions [e,g,, 
of mica, whose particles are too small to settle even in a considerable length 
of time). It was found most suitable to use long U-shaped tubes (height 
20-40 cm., inner diameter 2-5 mm.) held in an upright position. The ob- 
servations are made in transmitted light. Brilliantly glittering zones at 
more or less regular half-wave distances appear immediately the specimens 
are held in the oil. The vibration there is hardly perceptible, the energy 
being only 20 to 30 niA, 

With such low energies no accumulation in any reasonably short period 
takes place. One notices further that accumulation as found at higher 
energies persists for some time after the irradiation has ceased, but that 
orientation of these small particles disappears at once. 

The strongest glittering always appears to be at the antinodes. The 
glittering zones of orientation show a slight incessantly fluctuating motion, 
because of the somewhat irregular energy transmission, which tends to 
displace the meniscus. Simultaneously with this the zones of orientation 
are displaced. They do not disappear, as do the accumulations (fomed 
at higher energies), when the meniscus is displaced. 

Individual particles can be seen glittering at one spot for a considerable 
time, thus proving that the orientation is brought about directly by the 
sound waves and not indirectly by some kind of streaming or vortex motion 
in the liquid. 

Orientation is in no way linked up with cavitation. This was also 
confirmed for accumulation.^ Both effects are equally well produced 
in vacuo and when increased external pressure is applied. In vacuo the 
bubbling and boiling df the liquid must of course be avoided by lowering 
the energy, otherwise the phenomenon cannot be observed well. 

No glittering on irradiation is found with systems containing spherical 
particles such as emulsions of nitrobenzene or benzene or suspensions of 
specially prepared glass spheres. After some time of irradiation at low 
energies, but more rapidly with higher energies, accumulation can be seen, 
but never any glittering. The difference is so striking that the occurrence 
of the glittering phenomenon cannot be misjudged. 

Oth^ circumstances being equal, bigger i^uticles in suspension are 
more readily orientated than taaller ones. The same holds in resp^t 
of their accumulation. > Here quartz powders of definite pa^cle sixe 
*nay be used, quartz powder being another substance easy to orientate by 
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ultrasonics. Three U-shaped tubes containing quartz powder suspensions 
with particles from 4 to lo/i diameter, i to 4^, and smaller than i/t re- 
spectively, were irradiated with medium energy : the 4 to lo/i suspensions 
showed at once distinct glittering ; subsequently the 1-4/4 suspensions 
followed showing a weaker effect, finally came the finest suspension, the 
effect here being still weaker and not increasing, even after many seconds. 
It became distinct only when the energy was increased. 

Mica is the substance most suitable for demonstrating orientation. 
A suspension containing thin plates of a few /x and less maximal diameter 
and only so few in number that a turbidity can just be perceived, shows 
an excellent effect when irradiated with moderate energy. 

Other substances, gypsum, steatite, selenite, mosaic gold and quartz 
powder as mentioned above (diameters up to 20/4) show distinct orientation 
at moderate energy. Similar behaviour is shown by clay with a particle 
size of several p, and below, by kaolin (" Stockalitc "), whose particles are 
mainly below I/4 ; and by colloidal graphite in water (“ Aquadag,*' E. G. 
Acheson Ltd.). In these cases, especially in the last, the orientation is 
seen at higher energies not only in transmitted but also in reflected 
light. 

Orientation has so far been found in two typical colloidal solutions, 
viz.^: VgOft and FejOj. Rather concentrated (about 1*2 per cent.) V, 0 ,- 
sols, of high “ viscosity,” containing particles up to 10 and 15/4 length 
were used. (Owing to their extreme thinness these particles can only 
be seen in the ultramicroscope.) Filled into a IJ-shaped tube and irradiated 
with not too low an energy these sols slowly take on a silk-like appearance, 
the streaks — in conformity with the orientation of the particles — adjusting 
themselves perpendicular to the axis of the tube. After a minute or so 
the phenomenon is very pronounced, persisting for many hours or even 
days, due to the gel-like state of this sol.® On close observation one sees 
that the particles are orientated directly and not by some kind of streaming 
of the liquid ; for bigger particles or flakes contained in the sol remain 
motionless during irradiation. 

When diluted four times the same sol shows the orientation — which 
can only be seen in reflected light — much more quickly, due to its greater 
fluidity. Regular half-wave structure appears. This is due to the fact 
that orientation is better developed in the antinodes than in the nodes 
(see above). In one (diluted) sol only, containing very big (10-15/4) par- 
ticles, was a ver>" slight accumulation occasionally observed. On diluting 
the original V, 0 5-sol fifty or one hundred times, nothing can be seen in 
reflected light ; transmitted polarised light however reveals a distinct 
orientation. 

Similar results were obtained with a very dilute Fe| 0 #-sol, many years 
old, whose particles were ultramicroscopic in all three dimensions. 

Though the whole matter still needs fuller investigation, one may now 
state that, with suitable substances, orientation can be obtained much 
more readily and with less energy than accumulation ; also particles which 
are too small for accumulation may still become orientated. This is easily 
understood, because in order to obtain any appreciable accumulation, 
particles must be moved about several tenths of a millimeter, whereas 
orientation is effected by simply turning the particles into the favourable 
position, the maximum movement necessary being only of an order com- 
parable with the length of the particles. ♦ 

Such orientation could perhaps be utilised for manipulating the interior 

* Orientation is particularly strong in sols which tend to form tactoicls. (For 
literature on tactoids, c/., e.g,, H. Freundlich, Kapillarc hemic, Vol. IL, 
pp. 54 ff.) Thus it seems worth while to investigate, whether there exists an 
influence of ultrasonics upon the formation of tactoids. 

^ The formation of non -spherical aggregates during the coagulation of smoke 
as described by O. Brandt and E. Hiedemann {Trans. Faraday Soc,, I 93 ^» 
hoi) may be partially caused by a similar orientation effect in gaseous systems. 
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of closed systems (e.g,, living cells) without using any mechanical devices, 
which might be obnoxious. 

II. Rheopectic Solidification Caused by Ultrasonics. 

The time ot solidification of certain types of thixotropic systems is 
shortened by submitting them to a more or less regular movement, such 
as tapping the test-tube containing the sol or slowly rolling it to and fro 
between the palms of the hands. This phenomenon was called rheopexy.® 
Rheopectic solidification seems to have a relationship to coagulation 
produced by stirring. 

After it had been found that irradiation with ultrasonic waves may 
also cause rheopectic solidification • it seemed worth while to investigate 
the latter phenomenon more closely, particularly in order to see whether 
it is connected with the local accumulations caused by stationary waves 
in suspensions ^ and with the orientation of non-spherical particles 
described above. 

At first we studied suspensions of CaSO* . 2H , 0 . Their particles ranged 
at first from about i to lOft ; later owing to their solubility they gpew 
to from io-30/i ; this did not alter their behaviour appreciably. Speci- 
mens of gypsum suspensions in distiiled H ,0 were prepared and sampled 
in test-tubes of 1*2 cm. diameter which were later sealed, the concentrations 
of CaS04 . 2H,0 ranging from 20 per cent, up to 30 per cent. ; sedimenta- 
tion of the suspensions becomes conspicuous after standing for about an 
hour. Rheopectic solidification could be produced by subjecting the 
samples to a weak ultrasonic field for a few seconds. Several minutes 
or hours are required for spontaneous solidification. The low'est concen- 
tration for which tlie effect can be observed is 23 per cent. ; below this 
the gy'psum particles are only accumulated forming stationary wave 
patterns. 

On close inspection it was seen that the samples containing the higher 
concentrated su.spensions also show accumulation.* 

The l>ehaviour of a sample of kaolin (“ Stockalite above-mentioned) 
was similar. Its particles are anisometric. because a dilute suspension 
shows the orientation phenomenon ; aqueous su.spensions containing as 
much as 60 per cent, solid matter are quite liquid. These suspensions are 
very poor as regards plasticity and thixotropy. By addition of NaCl 
solution the charge of the particles is however lowered and Stockalite, 
thus partly coagulated, forms thixotropic and rheopectic suspensions. 
For example, 5 g. Stockalite -f 8 c.c. iS NaCl solutioi\ remained liquid for 
at least 17 minutes in a test-tube; on prolonged standing sedimentation 
can be observ'ed. Upon tapping this suspension solidifies after 30 seconds ; 
in an ultrasonic field of moderate energy (70 mA) only 15 seconds are re- 
quired. When irradiating for a longer time zones of accumulation are 
gradually forming in the paste, preferably in narrow tubes. 

* H. Freundlich andF. JuHusburger, Travs, Faraday Soc., IQ35, 31, 920. 

• F. Juliusburger and A. Pirquet. Fraws. Faraday Sor., 1936, 32. 445, 

’We also tested, whether or not the rheo]K*ctic solidification by ultrasonics 
is due to cavitation {cf, C. Bondy and K. Sbliner. Trans. Faraday Soc., 1935 . 3 ** 
835 and •). Both under gas pressure and tn vacuo (bubbling and boiling must of 
course be carefully avoided) solidification occurs as usual — therefore cavitation 
need not be considered here. On the other hand rheopectic pastes and gels can 
of course be disrupted and liquefied when ultrasonics of higher energy’ are applied . 
In this respect they do not differ at all from normal thixotropic gels.* The only^ 
difierence is that, at moderate energies where the effects of cavitation are negligible, 
systems with very small particles thixotropic iron oxide) are not influenced 
appreciably, whereas systems wdth larger particles, big enough to be movetl 
individually by the sound waves, may be solidified. 
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While with the g3rpsum or Stockalite suspensions the r61e of orientation 
of the particles cannot be excluded, in addition to the obviously effective 
accumulation, the latter is certainly solely responsible in the next system, 
showing rheopexy when irradiated. 

Suspensions or sludges of Solnhofen slate ® are rheopectic, when in 
a suitable concentration. They also are solidified when irradiated with 
ultrasound. A temperature of about 35° C. proved favourable. Medium 
energy (75 mA) was sufficient to solidify the sample in about 3 seconds 
while the spontaneous solidification occurs in about 30 seconds. The 
particles of Solnhofen slate do not deviate much from a cubical shape ; 
they, also, do not show an orientation effect. Therefore, in this case at 
least, rheopexy is possible without orientation, the accumulation of the 
discharged particles being most likely the only cause of their becoming 
a paste. 

Plastic clay, as used for moulding purposes, shows rheopexy when in 
suitable concentrations, upon tapping or rolling the test-tube containing 
the sample to and fro. Its particles are anisometric, for dilute suspensions 
show the orientation phenomenon. The particles are several /x in dia- 
meter and less, and show a weak (but distinct) tendency to form zones of 
accumulation when irradiated in dilute suspension. 

It has however, so far, been impossible to detect a sliortening of the 
time of solidification under various conditions of concentration and electro- 
lyte present. These suspensions show hardly any tendency to settle down ; 
however, in the more dilute ones, some supernatant liquid can he seen after 
very long standing. 

The tendency to form stiff gels — as distinct from the rather soft pastes 
mentioned above — is obviously also the rea.son why rheopectic solidifica- 
tion vsdth ultrasonics cannot be observed. The individual particles are 
bound so firmly to one another that the whole system behaves as a coherent, 
more or less homogeneous, gel.* For this reason zones of accumulation 
have never been observed in concentrated systems of this kind, which, 
of course, are fonned here too by big foreign particles.* 

We can now also understand w^hy rheopectic solidification due to 
ultrasonics has .so far not been observed in YjOs-sols (containing suitable 
electrolytes). These sols scarcely form any zones of accumula^on when 
irradiated. Moreover, the particles, w^hile readily orientated in dilute 
solutions, are much more slowly orientated in concentrated ones. The 
interaction between the particles is obviously so strong, that accumulation 
and even orientation by sound waves is rendered imjwssible. 

These experiments lead to the conc.lu.sion that, generally speaking, 
rheopexy is not neces,sarily linked up with orientation and that a solidi- 
fying influence of ultrasonics is to be expected in those rheopectic systems, 
which are more paste- than gcMikc and whose particles are big enough 
to be influenced — I^y being either orientated or moved — individually by 
the sound waves. 


IIL Neutralisation of Dilatancy by Ultrasonics. 

If the supernatant liquid is poured off the sediments of various sus- 
pensions such as quartz powder or sea-sand, the sediments are somewhat 
moist and soft, when only a slight pressure is applied. As soon as how- 
ever a stronger, one-sided, pressure is acting, a sediment of this kind 
becomes dry and hard and offers considerable resistance to a pene- 
trating instrument ; as soon as the pressure ceases the wdiole mass 

* On the thixotropy and plasticity of Solnhofen slate, c/., Freundlich and 
F. Juiiusburger, Trans. Faraday Soc., 1934, 3®* 333- 

• H. Freundlich and K. Sdllncr. ibid., 1936, 33, 966. 
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usually becomes moist again. This phenomenon called dilatancy 
was explained by Osborne -Reyn olds/® in the following way : In moist 
Sand the particles tend to assume a very close-packing. If an external 
force displaces the particles the packing becomes looser and consequently 
water is sucked in, thus leaving the sediment apparently dry and hard. 

When a system normally exhibiting dilatancy is exposed to ultrasonics 
dilatancy disappears so long as a sufficiently strong field is in action : 
e.g., a beaker was filled with some quartz sand (“ silver sand '*) and water 
was added so that the system showed dilatancy. It was not possible to 
drive a test tube through the sand to the bottom of the vessel. This 
however was quite easy as soon as a strong ultrasonic field was applied, 
exposing the ^aker to the oil fountain. 

A very similar experiment can be carried out using fine quartz powder 
instead of the sand. In this case more energy is necessary, because owing 
to the increased scattering surface formed by the much smaller particles 
the resistance to the sound waves is increased. 

In a further experiment, a sediment of quartz sand was freed carefully 
from all supernatant and adhering water after standing for quite a long 
time. Its appearance was very dry. When irradiated for several seconds 
it gave off about 0-5 to 1*0 c.c. water per 100 c.c. sediment. After this water 
was poured away the sand ofiered a very great resistance to a penetrating 
test-tube from the very start. This experiment shows that the sand under 
the influence of the ultrasonics assumes a packing closer than after being 
left undisturbed for quite a long time or after being tapped frequently 
in order to promote settling. Applying a rather high energy (135 mA) it 
is possible to destroy dilatancy in a beaker containing 2 kg. silver sand 
mixed with the necessary amount of water. 

Here we see how apparently dilatant and, therefore, non-plastic 
systems, can be rendered somewhat plastic by applying ultrasonics. 
It can readily be shown that cavitation is not connected with the influence 
of ultrasonics on dilatancy. 


Summary* 

(1) With ultrasonics rod- or plate-like particles (mica, mosaic gold, 
gypsum, selenite, steatite, quartz, kaolin, etc.) can be orientated with 
their longest axis normal to the flux of energ>\ To produce this effect 
the energy may be below the limit necessary for accumulation. These 
results are obtained as a rule with particles of microscopic size, but orienta- 
tion was also found in truly colloidal solutions of VgOj and Fe,Og. 

(2) Concentrated rheopectic suspensions of gypsum, kaolin and 
Solnhofen slate are solidified by ultrasonics of low and medium energy. 
The solidification is correlated to the accumulation of the particles by 
ultrasonics. If the energy applied is sufi&ciently high, these concen- 
trated pastes also can be liquefi^, as a consequence of cavitation. 

(3) Mixtures of sea-sand or quartz-powder with water which are nor- 
dilatant lose this property, when exposed to ultrasonic waves. 

Our sincerest thanks are due to Professor H. Freundlich for his 
continuous interest and very helpful criticism during our work. We 
are also greatly indebted to Professor F. G. Donnan, F.R.S., for 
his generous hospitality. 
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Part I. 

Metals heated in vacuo frequently etch, ue., the structure is re- 
vealed by partial volatilisation or other surface changes. A very beauti- 
ful example is shown in a photograph of pure silver in Rosenhain’s 
Introduction to Physical Metallurgy. This photograph not only shows 
crystal boundaries, but also a series of lamellae in certain crystals which 
change direction at crystal and twin boundaries and very much resemble 
slip-bands in appearance. Such a structure can also be produced on 
copper when a specimen is heated in vacuo at 9CX)-950° C. Figs. 1-6, 
Plate I., are representative photo micrographs. It will be seen that 
some crystals are quite free from lamellae. In others, the lamellae are 
straight, w'hile in others again they arc curved to a con.siderable extent. 
The spacing also varies from crystal to crystal. Tlie iridescent nature 
of the reflection of light by this etched surface is very striking and, as 
in the case of pearlite in steel, the cause is .similar. In view of the recent 
interest in the internal structure of crystals, it was decided to investigate 
the nature of these lamelke further in order to see what relation they 
bore to the crystal, if there were any regularity in spacing and further, 
if they changed in character with different copper and with different 
treatments. 

The first step was to prepare copper crystals large enough for X-ray 
measurements on which two or more faces could be ground in order to 
determine the planes (if any) made by the lamellae themselves. Large 
copper crystals can easily be made by Bridgman's method u.sing graphite 
tubes in which to melt the copper, but these crystals did not etch on 
heating in vacuo. Working and annealing the copper failed to produce 
any effect and the conclusion was come to that the copper was at fault. 
Other samples of copper available heated in the same tulxj, at the same 
time etched, so that the question naturally arose as to why the copper 
melted in graphite tubes did not. At this stage I applied to the British 

TABLE 1 . 



AJK, Per Cent. 

j ARQ, Per Cent , 

CJR, Per Cent. 

Bi 

0 0001 or less 

0003 


Pb 

0*0005 or less 

0*002 

Trace 

Fe 

0*005 approx. 

0 005 approx. I 

0*005 less than 


0*0005 or less 

0*01 

0*0005 less than 

Ag 

0 002 

0*003 

0*0015-0*002 

Sn 

Not detected 

0*01 approx. 

0*0005 less than 

Mg 

As”! 

Probably of order of 0*01 

Trace 

Negligible trace 

Sb 1 

Not detected 

Not detected 

Not detected. 

Si J 
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Non-Ferrous Metals Research Association for samples of copper, one of 
which was to be the purest available and oxygen-free, and they very 
kindly supplied me with three different coppers and their spectrographic 
analyses. AJK and ARQ were cast ingots. AJK was a sample of high 
conductivity oxygen-free copper ; ARQ was a small wire bar of tough- 
pitch fire refined copper. CJR was cathode copper straight from the 
cathode. 

These coppers were all very pure and only ARQ contained any cuprous 
oxide. Pieces were cut from them and samples from AJK and ARQ 
were rolled and then annealed in vactto. Heating was carried out in an 
alundum boat in a fused silica tube having a ground glass joint to make 
the necessary connections with the pump. The pump was a Hyvac, 
which if kept running continuously, gave a vacuum of less than 0*5 mm. 
pressure. Gases were given out by the metal and tube on heating and if 
the pump were shut off the pressure sometimes rose 2-3 mm. Of three 
coppers referred to above, the only specimens that etched were those cut 
from ARQ, 

At this stage the presence of cuprous oxide was suspected of being re- 
sponsible, and experiments were carried out accordingly. It was noticed 
that all the coppers that etched contained visible amounts of cuprous oxide. 
Although the rods from which large copper crystals were made contained 
a certain amount of oxide, the crystals grovm from them, w-hether melting 
was carried out in air or nitrogen, contained only traces. What remained 
was confined to a few minute isolated inclusions at the cry^stal boundaries. 
If then, this effect is due to the presence of oxide, treatment removing the 
oxide should prevent its occurrence. Samples of a number of coppers 
including ARQ and AJK were heated in a stream of hydrogen at 900® C. 
for five hours. Tho.se containing cuprous oxide cracked badly under this 
treatment, but AJK and a piece of a large ciy^stal remained sound. On 
subsequent heating in vacuo, none of them etched. The next step was 
to add oxide to a copper such as AJK. Certain difficulties were here met 
with. If melting was carried out in graphite tubes and even a large excess 
of cuprous oxide rolled up in copper foil added, only traces of oxide re- 
mained in the copper. If the same procedure was carried out in alundum 
crucibles the oxide attacked the crucible and everything w'ent through 
the pot. Finally, the copper w^as melted and the oxide added and the metal 
cooled quickly. This method was successful in introducing the oxide but 
the crystals in the small ingot — about 60 gms. — were consequently small. 
Specimens cut from such an ingot etched with ease, and thus provided 
striking confirmation of the necessity^ for the presence of oxide. It W’as 
also noticed that with repeated heatings, the tendency to etch decreji^d 
and finally disapjx?ared with corresponding loss of cuprous oxide. This 
suggested diffusion of oxy’gen through the copper crystals and in order 
to test this further the following experiments were made. A plug of the 
copper made from AJK containing cuprous oxide was put into a piece 
of AJK as received, and the tw^o heated in contact for 5 hours at 900® C. 
The poli.shed surface showed the cuprous oxide in the plug had gone, and 
the surrounding AJ K w^as pitted but not etched. A section cut and polished 
showed a core of the plug containing oxide, a narrow^ rim in w hich the oxide 
bad disappeared, and a halo effect in AJK was obtained on etching wdth am- 
monia which spread outwards on subsequent heating. Similarly, a piece of a 
bar produced by melting in a graphite tube and show ing three large crystals 
in section, was put as a plug into a sample of ARQ, a section cut and polished 
and heated at 900® C. in vacuo for five hours. The crystals in the plug 
now etched as well as the surrounding copper. Finally a section of this 
was cut and polished and heated a second time and this ^so show^ed a faint 
etch. 

These experiments, although only qualitative in character, seena 
sufficient to warrant the assertidh that the presence of cuprous oxide is 
the prime cause of the etching observed. The alundum boat became pink 
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and also the inside of the silica tube, particularly round the region just 
inside the furnace. After prolonged heating the boat became white again. 
Slade and Farrow ^ state that cuprous oxide can be volatilised and this was 
confirmed by heating some freshly precipitated and dried Cu jO in the silica 
tube at 900° C., when the oxide left the boat and collected round the cooler 
part of the tube. This is contrary to the findings of Rhines and Mathewson • 
who, although they found loss of Cu ,0 on heating in vacuo, say that the 
oxide was reduced and decomposed. Tiede and Birnbrauer * noticed a 
liberation at 960® C. of a red substance, which they assumed to be copper, 
on heating copper in vacuo. Copper did not come off with any freedom 
till 1360° C. and it is possible that their first evolution was Cu, 0 . 

Further experiments were then carried out to see if the same effect 
could be produced by oxidising the surface and then volatilising off the 
layer of Cu, 0 . Oxidation was affected by opening a tap when the metal 
was hot and letting in a little air. If this was done with the tube with- 
drawn (the metal itself remained hot in a vacuum long after the tube 
was out of the furnace) the bright surface of the copper was seen to dull. 
If the copper was still about 750® C. and a very small amount of air let in, 
the surface tarnished over and then brightened again immediately. As 
more air entered the coating of oxide persisted and if the specimens were 
allowed to cool it appeared black. If the tube was then evacuated and 
heated at 900-950® C., the coating was distinctly red, i.e., Cu , 0 . The outline 
of the original crj^stals was clearly indicated in the oxide. After further 
heating in vacuo, varying from i to 20 hours according to the thickness 
of the oxide layer, the whole of the layer disappeared leaving the copper 
bright and beautifully etched. 

As a further check on the results described above. Dr. W. E. Alkins 
was instrumental in obtaining some special silver-free copper and a further 
oxygen-frec-copp>er carefully prepared to avoid contamination with oxygen. 
The silver- free copper contained about o*oi6 per cent, oxygen and etched 
very slightly on heating. By allowing a slight artificial oxidation of the 
surface it etched as well as any other copper. The specially prepared 
oxygen-free copper on the other hand did not etch. 

It is now possible to speculate a little about the possible causes of this 
etching effect. It has been shown conclusively that the presence of cuprous 
oxide in the copper or a layer of oxide on the surface is necessary. 

If two samples, one of which etches and the other does not, are heated 
together in the tube, the one that etches does not effect the other, but if the 
two are in intimate contact, then the copper which does not etch tends to 
do so. It seems justifiable to conclude that oxygen diffuses through the 
copper and on arrival at the surface forms a layer of cuprous oxide which 
at the correct temperature and pressure volatili.ses. Recent estimations * 
of the solubility of ox>gen in copper are as follows : — 

600® C, oxygen per cent. 0-0071 
800® C. „ ,, „ 0*0094 

950*" C. „ „ „ 0*0100 

Although low, it is sufficient for the purpose, the supply of oxygen inside the 
specimen being provided by the cuprous oxide, which gradually disappe^. 
The fact that the same effect can be reproduced artificially by oxidising 
the surface and then volatilising off the oxide suggests that this is a rough 
outline of what actually happens. The details of the process and ^0 
relative importance of temperature and pressure and oxide concentration 
are still obscure. 

^ R. E. Slade, F. D. Farrow, Proc. Roy. Soc., A, 1912, 87, 524. 

* F. N. Rhines, C. H. Mathewson, Amer. Inst. Min. Met. En^. Trans. Inst. 
Metals Div., 1934, 337 * 

* E. Tiede, E. Birnbrauer, Z. anorg. Ckem., 1914, 87, 129. 

* F. N. Rhines, C. H. Mathewson, Amer. Inst. Min, Met. Eng. Trans., 1934 * 
P- 337 - 
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In order to obtain some quantitative measurements of this phenomenon, 
a piece of oxygen-free copper AJK, 7*58 x 7*05 x 16*31 mm., was heated 
in vacuo at 950® C. twice and the weights compared. Constant weight 
was obtained. The specimen was then heated and oxidised, the air 
pumped off and further heated until the copper was bright again, cooled 
and weighed. The tube had a red coating inside in the cooler region. 
The figures are given in Table II. This process was repeated. In the 

TABLE II. 


Treatment. 


Weight of Copper. 


After 1st heat at 950® C. for 3 hours 
After 2nd heat at 950” C. for 4 hours 
Heated to 950^ C.. air let in . 

Heated in vacuo at 950^ C. till oxide on surface 
had gone. Oxide still on under side. Tube 
had red deposit ..... 

Heated 10 hours in vacuo at 950” C. 

Heated to 900° C. ; air let in ; heated i hour ; 
then black. Heated i hour in vacuo ; then 
red ....... 

Heated 3J hours tn vacuo at 900° C. Red gone 
on specimen ; tulx* coated red . 

Heated in vacuo 2| hours at 920*^ C. 

Heated 14 hours at 950' C. in vacuo 
Heated in hydrogen at 900° C. for 1 hour. 

Total heating and cooling period 5^ hours . 
Colorimetric estimation of cop|>er in Cu,0 on 
tube ....... 


Gms. 

7-420 

7-420 


7-420 

7-419 


7-421 (Increase in weight 0-002) 


7-420 

7-419 

7-417 (Loss of weight 0-002) 
7 417 (No further loss). 

0-002 2 


second experiment the specimen was weighed with the oxide coating. The 
increase in weight does not necessarily represent the total amount of 
oxidation as some of the oxide was probably lost immediately the air was 
pumped off. An approximate calculation of the thickness of the oxide 
layer gave it as 0*5 mm. assuming that the oxide was uniform over the 
whole area of surface. The specimen was then heated until it was bright 
A slight red stain remained on the alundum boat and the inside of the silica 
tube was red. There was a distinct loss of weight of the copper and cuprous 
oxide was found on the inside of the tube. The quantitative relations 
between loss 6f weight and amount of oxide on the tube are not likely to 
be accurate but this experiment provides conclusive proof that cuprous 
oxide is volatile. It may be suggested that the oxide is decomposed and 
reformed on the tube, but this is unlikely as the unoxidised copper was 
shown to be not volatile at 950® C. 

The fact that there is no further loss of weight on heating in hydrogen 
shows that the oxide had all come off in the vacuum heating. The dis- 
crepancy between loss of weight and amount of copper found on the tube 
may be accounted for by the fact that some oxide adhering to the tube 
from previous heatings was included in the analysis. The tube becomes 
permanently red after repeated use due to attack of the silica by the oxide. 

It is possible that this method of removing oxide from copper might 
^ made use of in the detection and estimation of cuprous oxide in copper. 
The present experiments are not sufficiently complete to say how far the 
method might be made applicable to all coppers bemuse loss of weight alone 
might be due to the presence of volatile substances such as sulphur. 

Part IL 

In order to make a full inv^^gation of the striations it was necessary 
to work with copper ciystals sufficiently large to enable more than one 
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face to be examined. At first, no striations could be obtained on large 
crystals made from the melt, so it was decided to grow crystals by the strain- 
ing method in rod and strip. The objection to crystals produced in this 
manner is that they are always twinned and determination of the crystal 
axes by means of X-rays becomes more difficult. On the other hand when 
two or more sets of twins are present, determination of the crystal axes 
can be made by measurement of the traces of the twin bands on two 
sections at right angles. It is well known that the twin planes of copper 
are octahedral planes, hence the position of any two such planes is all that 
is required. 

For this purpose some |-inch diameter copper rods were obtained 
through the kindness of Dr. Alkins from Thomas Bolton & Sons. These 
were cut from a high conductivity wire bar and contained a considerable 
amount of visible oxide. Crystals 2 cms. long and occupying the whole 
cross section were obtained, but, as has been said, they showed twinning. 
These crystals were compared with those made from the melt and treated 
as described in Part I. and no difference was observed. 

In order to find the relation of the striations to the crystal structure, 
measurements w^ere made of the angle between them and one edge of the 
face under observation or a scratch on the surface. Determination of 
the crystal axes by means of X-rays or measurement of the traces of twin 
planes were also made and the two series of measurements compared. 
Striations were obtained on two or sometimes three faces ground on the 
same crystal, but this was not always possible if the crystals were small 
This entailed polishing several faces of a speciment before heating so as 
to be quite sure that all faces were .subjected to the same conditions at 
the same time. 

It was usual to find only one set of lines on each face, but there were 
cases of two appearing. Sometimes the lines were curved and wavy and 
could not be measured accurately. It is easy to see how such curved lines 
can arise. Suppose the lines represent traces of planes in tlie crystal w^hich 
are nearly parallel with the face of the specimen. Then, any irregularities 
r f the surface would cut the crystal planes in an irregular manner. 

The spacing of the lines varied from crystal to crystal as Figs. 1-6. 
Plate I., show. This again may depend on the angle which the plane makes 
with the face. 

If the planes are of the same indices the distance between them is the 
same, d, and the distance between successive traces on the surface is 
d CSC a, if a is the angle betw'een the plane and the surface. 

Actual measurements of the number of the striations to the millimetre, 
for example, were abandoned owing to the irregularity of spacing, but it 
is quite clear that, taking the crystal as a w'hole, .spacing is characteristic 
of each grain. Absence of striations may indicate that the plane coin- 
cides with the face of the specimen or is at right angles to it. 

Repeated treatments of one face always resulted in the same set 0/ 
striations appearing and parallel faces cut on one crystal gave similar 
measurements. Separate specimens cut from the same crystal also showed 
the same striations on comparable faces. It seemed, therefore, that they 
must be related to the copper crystal. 

In order to depict the combined results, stereographic diagrams were 
made of the crystal and positions of the striations marked. If these are 
related to the copper crystal and represent traces of a single plane, the 
pole of the plane would be expected to coincide with that of a possible 
crystal plane in the copper. Assuming that this was the case the pole of 
a plane which would cut the faces of the specimen in the directions observed, 
was marked on the stereographic diagram of each crystal and in only one 
instance did it agree with a likely crystal plane. If, however, the striations 
represent traces of different planes on different faces, no such relationship 
will exist. Moreover, if three faces were cut at right angles to each other 
and treated, confirmation was obtained of the fact that these were purely 
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surface markings, in that traces observed on the third face did not agree 
with any possible plane through both the other traces. This is not sur- 
prising, since we know that the marks are caused by oxidation of the sur- 
face and each face will probably act independently. 

Reference to Fig. 7 will make these points clear, and a summary of 
results with other crystals is given in Table III. 

It has been assumed that only important crystal planes need be con- 
sidered. The agreement between striations and traces of possible planes 
was good, and it does not seem to be necessary to give actual measurements 
in each case. Where the striations marked on the diagrams coincided 
with the pole of an important crystal plane, i.e., (110) for example, more 


I 



Fig. 7 ~ G,. 

Si =. (Iio), S, — (100), S, “ (ooi). 

than one interpretation was possible, as several possible planes pass through 
this iK)int. The (iii) planes must be included but only one case was met 
with in which a (i r i) plane was the only possible plane. 

From Table 1. it appears that most of the striations arc possible traces 
of (100) or (no) planes, and that it is rarely the same plane on two faces. 
The question naturally arises what relationship do these planes bear to 
the surface } Assuming that the striations have been correctly attributed 
to the crystal planes, a very wide variation is met with, and there is ifo 
obvious connection between angle of plane to the surface and formation 
of striations. In order to be quite sure on this point a comparison was 
naade between the striations on the surface of the main crystal and its 
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twin bands. Kno>ying the form of twinning in copper, it is possible to 
calculate the position of the planes in each twin band. This was done for 
two faces of one crystal, and the results are given in Table IV. In this 

TABLE III. 


Description of 
Copper. 

Crystal Planes whose Traces Coincide with Striations. 

Face I. 

Face II. 

Other Faces. 

Strip J-inch 

(loo) 

(ooi) 

— 

Alkins rod : 




o 

(foi) 

(in) ? 

— 

I 

(lOO) 

(lOO) 

— 

2 

(loo) or (on) 

(loi) or (Ti i) 

— 

3 

(lOO) 

(lOO) 

— 

4 

(OIO) 

(ooi) 

— 

Melted in graphite 
tube : 




A 

{ooi),(iio) or(iTi) 

■1 


B 

C 

(lOl) 

Nil 

^Only one face available 

Made from AJK with 


Two Sets. 

Cu,0 added : 


,, 


D 

(oiT) 

(loi) and (loo) 

E 

(loT) 

(lOO) 

Two Sets. 

F 

(iTo) or (ooi) 

(Ill) or (loi) and (ooi) 

Large crystal made in 
graphite tube : 





(ooi) 

(loo) 

Face III. 

G, 

(Tio) 

(iio) or (ill) 

72® to Face I. 

90® to Face 11 . 
(loo), (iTi) or (oil) 


Faces 1 . and III. 

Faces II. and IV. 

Faces V. go® to 
Faces I.. II.. III. 
and IV. 


(Tio) 

(loo) 

nearly same as 
IL in Gi 

(ooi) 

Same as 1 . in G| 


TABLE IV. 


StriAtioiu. 



Face I. 

Faoell. 


Plane. 

Angle Between 
Face and Plane. 

Plane. 

Angle Between 
Plane and Face. 

Main crystal 
Twin (in) 
Twin (In) 
Twin (nl) 
Twin (ill) 

(loi) or (In) 

(lOO) 

(loo) 
twin not 
(no) 

dS" or 28” 

36* 

57° 

present 

83 ° 

(100) or (oil) 
(oio) 
twin not 
Nil. 

(OOI) 

78 ® or 13“ 

32** 

present. 

8 * 
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case there can be no difference in composition which could affect the result 
and the angles between the planes and the surface are very different. There 
appeared to be no reason why bands corresponding to the twin on the 
(hi) plane showed no markings on Face II. This twin did not appear 
on Face I. 

Special reference is necessary to three crystals in one specimen A, B 
and C, a photograph of which is shown in Figs. 5 and 6, Plate I. The stria- 
tions on A and B were repeated in the same position every time the speci- 
men was heated, but C had only a few faint markings. Comparing the 
orientation of the three crystals relative to the surface, it was found that 
in C, a {100} plane was perpendicular to the surface. If we assume that 
the striations are due to preferential attack by oxygen along certain planes — 
just as occurs by attack in solutions — the ends of all these planes being 
inclined at an angle to the surface, appear dark with vertical illumination 
It is justifiable to assume that the " ends ’* are also crystal planes, also of 
type {100} or {110} planes. In crystal C, any attack along the (001) plane, 
would be perpendicular to the surface and no “ step would appear. 
It is probable, however, that the crystal being symmetrical to the surface, 
the attack may have been along a number of possible directions with the 
result that no one direction predominated and the surface remained 
smooth. 

It is interesting to note that etching reagents attack copper crystals 
along directions corresponding to {100} and (no) planes.* 


Part III. 

In order to try to account for the formation of the striations along cer- 
tain planes in preference to others, an investigation was made of the 
structure of the oxide layer in its relation to the copper crystal. The speci- 
men was polished and heated to the required temperature in vacuo and a 
few cubic centimetres of air let in. One experiment was made of letting 
in air before heating w’as begun. In some cases heating was continued 
m presence of air ; in others the air w^as immediately pumped off and 
heating continued. It w^as generally found necessary’' to do thi.s in order 
to insure that all the oxide was in the form of Cu,0. 

The structure of cuprous oxide* has been determined by means of 
X-rays and is face-centred cubic, the side of the elementary cube being 
4* 25 A, Each oxygen atom has four copper atoms arranged round it 
tetrahedrally. ‘ 

It is difficult to estimate the thickness of the oxide layer but it w^as 
probably of the order of o - 1 to 0-5 mm.* X-ray photographs always showed 
reflections from the copper crystals underneath in addition to those of 
the oxide. All the reflections from the oxide agreed with the theoretical 
structure of cuprous oxide with the dimensions given above. Instead of 
the well-defined spots obtained from single crystals, the reflections were 
often more in the nature of parts of rings, but showed marked concentra- 
tion of intensity at certain points. This type of photograph is char- 
acteristic of those obtained from a number of small crystals showing pre- 
ferred orientation along certain directions, i.e., a ** Fibre-structure.*' A 
typical photograph is shown in Fig. 8, Plate II. This illustrates the dif- 
ference between the reflections from the copper ciy^tal and those from the 
oxide. It also shows quite clearly that the arrangement of the oxide is 
related to the copper. Copper has a face-centred cubic structure in which 
a 5SS 3*6i a. If the spacings for copper and the oxide are compared it 
will be found that in certain cases, e.g,, {311} planes in oxide and {220} 
plane of copper, they are very close but in others there is no agreement. 
Consequently it is unlikely that,parallel grow^ in the true sense will take 

• G. Tammann, J. Inst, Metals, 1930, 44, 29. 

•M. C. Neuberger, Z. Krist., 1931, 77, 169. 


♦ See p. 1607. 
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place. Fig. 8, Plate II., represents the typical structure of a thin film of 
oxide. In this case the crystal, (G 3), was heated in air from cold. The 
oxide crystals are arranged very nearly as the original copper. In order to 
compare this relationship, stereographic diagrams were made showing the 
positions of the oxide planes super-imposed on those of the copper crystal. 
In the case of the oxide, positions of maximum intensity are marked and 
the indices of the form only are given in brackets thus { }. Owing to the 
necessity of considering each face separately, it was not always possible 
to obtain sufficient reflections from the oxide to determine the orientation 
completely, as reflections from planes of higher indices were very fainl 
and tended to form complete rings. In order to distinguish between those 


J 



JZ 

Fig. 12. — Gj coated Cu, 0 . 


planes whose positions are obtained from the photograph and those cal- 
culated, the latter are underlined. 

With thicker oxide films new spots appeared, Fig. 9, Plate 11 . is the 
photograph obtained from the same face of crystal G, as Fig. 8, Plate II. 
In this photograph we have reflections from the copper crystal ; reflections 
conesponding to those obtained from the thin film ; and a new series 
associated with a thicker film. A stereographic diagram of this crystal, 
Fig. 12 shows how the reflecting planes are related. 

Reference to Plate II., Figs. 8-1 1 and Fig. 12 shows that reflections from 
{in} and {200} planes of the oxide very nearly coincide with the (in) plane 
of the copper crystal. This implies a double fibre structure for the oxide. 
In addition, there are certain reflections which indicate that some of the 
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oxide is still differently orientated. Reference to a sterographic projection 
of a cubic crystal shows that the pole of the (001) plane (for example) 
lies in the (no) plane and is 54° 44' from the (iIi) and (In) planes re- 
spectively. In order to replace the (ooi) plane by the (ili) plane it is 
necessary to rotate the (no) plane 54® 44' about its normal. At the same 
time the (001) plane replaces the (In) plane. By this process we arrive 
at the structure found in the cuprous oxide and if this interpretation is 
correct a [no] direction should be common to both copper and oxide. 
In the case of crystal G,, Fig. 1*2, this direction is the normal to the (Tio) 
plane in the diagram. Most of the oxide is thus arranged in tw^o ways ; 
(i) the orientation is nearly the same as the copper crystal ; (2) a rotation 
of 54° 44' has taken place about a [no] direction. This structure is again 
typical of a fibre structure. Most of the reflections can be referred to one 
or other of the orientations given above, but a concentration of parts of 
{ill} rings peri>endicular to and at 55°-6o® to the face indicates that some 
of the crystals are rotated through other angles about the [no] direction. 

The oxide layers on crystals A, B and C and G,, * and , were fully 
investigated and all showed the .same kind of structure. The degree of 
preferred orientation seemed to depend on the condition of the surface 
of the copper. The first coating of oxide showed less preferred orientation 
than a second deposited after the first layer had been volatilised off, even 
if the metal had been heated for sr)me time at 900® C. before oxidising. 
The characteristic appearance mav be compared in Fig. 14 and Figs. 8-1 1, 
Plate II. 

Bircumshaw and Preston have also found by the electron diffraction 
method a preferred orientation of Cu,0 on poly-crystalline copper, a {111} 
plane being parallel to the polished surface." 

The oxide crystals were so small that no individual spots were visible 
but after prolonged heating at 950® C. growth occurred as Fig. 14, Plate II. 
shows. It was also found that after heating at this temperature faint 
rings appeared on the X-ray film corresponding to pure copper indicating 
that some of the oxide had decomposed leav ing small copper crystals on 
the surface. In mc^st cases, repeated oxidation gave an oxide layer orien- 
tated in the same way, but in crystal C, different results were obtained. 

The results show that the first layer follows the orientation of the copper 
closely, but that suljsequent layers differ progressively. It is suggested 
that the outermost layers give rise to those reflections which do not flit 
either of the two princij^al orientations and approximate to a random 
arrangement. 

Discussion of Results. 

The experiments just described are sufficient to warrant the assump- 
tion that the beautiful etching effect in copper and probably silver * is 
due to an oxidation of the surface and subsequent volatilisation of the 
oxide in a high vacuum. Attack by solvents along certain planes in 
preference to others is a common^ occurrence and the regularity in the 
striations suggests a periodicity in the structure of the crystal. But 
the photographs show that the distance between successive striations is 
by no means constant althougli the average width of the bands is char- 
acteristic of each crystal. It was also noticed that there was very little 
difference between all the coppers examined and these had a variety of 
treatments. The most important cau.se of variation was the preparation 
of the surface and this is a difficulty that is not easily avoided. Even 
prolonged heating at 950® C. did not remove the effects of polishing. It 
is suggested that all mechanical methods of preparing a surface are 

* A few preliminary experiments have failed to obtain the etch effect in 
silver which was ver>’ pure and had been vacuum annealed. 

G. D, Preston, L. L. Bircumshaw, Phil Mag,, 7, i 935 * 
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likely to vitiate the results of the study of surface phenomena. The 
marked difference observed in the character of the X-ray reflections, 
whether the spots are well-defined ; the presence of Debye rings, etc., is 
attributed to the perfection or otherwise of the surface. 

It is well known that one substance will crystallise on another so 
that the orientation of both is the same if the two are isomorphous. 
In the present instance both substances are cubic although the lattice 
structure and dimensions are not identical. A certain degree of re- 
semblance in orientation is to be expected but complete agreement is 
unlikely, and this is actually what is found. It is hoped that a full 
explanation of the formation of the oxide layer and the reason for the 
choice of orientation will be obtained and that this may throw some 
light on the preferential attack of the copper crystal by oxygen. 

Summary. 

It is shown that an etching effect obtained on heating copper in vacuo, 
is due to the presence of cuprous oxide. The effect can be produced arti- 
ficially by oxidising the surface and it is suggested that the etch is due to 
attack by oxygen along crystal planes similar to the action of any etching 
agent. The planes most readily attacked appear to be [loo] and [no] planes 
of the copper crystal. 

The relation between the orientation of the copper crystal and the 
cuprous oxide formed when copper is oxidised in the presence of a small 
quantity of air at low pressures was investigated. The first layer to be 
formed consists of small crystals arranged approximately in the same way 
as the copper. Subsequent layers take the form of a fibre structure in 
which a [no] direction agrees closely with the first layer and with a [no] 
of the copper crystal. 

I w^ish to thank the Lcvcrhulme Research Fellowship Committee for 
a grant in aid of this investigation. Professor C. E. Inglis, F.R.S., has 
very kindly allowed me to work in the Engineering Department of the 
University, and I am also indebted to Professor R. S. Hutton for special 
facilities in the Goldsmiths Metallurgical Laboratory, and to Dr. D. 
Stockdale for help on several occasions. 


THE SUBOXIDES AND SUBHALIDES OF 
CADMIUM. 

By R. E. Hedger and H. Terrey. 

Received Augusi, 1936. 

In this work an attempt was made to prepare the subhalide by 
solution of cadmium in molten cadmium chloride and the suboxide 
by decomposition of the so-called subhalide by water. The products 
obtained were examined by means of their X-ray spectra. The ana- 
lytical results agreed with those of Morse and Jones, ^ but the structures 
found were identical with those given by (i) the normal chloride and 
(2) normal oxide and metal. This is in harmony with results obtained 
by other physical measurements on the solid products, e.g., density, heats 

* Amer, Chem, 1890, la, 488. 
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of solution, magnetic properties, etc., and it must be concluded that 
subhalides and suboxide are incapable of existence as solid phases. 

Experimental. — Thermal analysis of the system Cd. CdCl,. 

To carefully purified cadmium chloride rendered anhydrous in a stream 
of HCl gas increasing amounts of cad- 
mium were added and the melting 
points of the resulting mixtures deter- 
mined, a calibrated thermocouple being 
used. The melting was carried out in 
a fireclay crucible with a luted lid — a 
alow stream of CO* being passed through 
an aperture in the lid to prevent oxi- 
dation. The addition of cadmium was 
continued until the maximum depres- 
sion of the melting-point was obtained. At the end of each determination 
samples were removed from the mass for analysis, which was carried out 
by a determination of the chlorine content. I'he results are tabulated 
above. 

These results are in good agreement with those of Aten. The maximum 

depression 12*5 mol. per cent, 
of cadmium corresponds to the 
Morse and Jones compound 
CdiCb. With greater cadmium 
content the mass separates into 
two phasSeS'—the saturated solu- 
tions of Cd in CdCl, and CdCl* 
in Cd. 

SolubiUty of CdCl, in Cki. 

This was determined by add- 
ing cadmium chloride to cad- 
mium and finding the melting- 
point and composition of the 
mass. 1 1 was found only possible 
to dissolve 0*2 mols, per cent, 
of the chloride in the metal 
which lowered the melting-point 
from 322'^ C (M.Pt. of pure cad- 
mium to 319° C. The two sets 
of results are shown graphically 
in Fig. I. 

Investigation of the System 
Gd-CdCi, at higher tem- 
peratures. 

The experimental procedure 
in this case was to heat equal 
mixtures of cadmium and cad- 
mium chloride in a sealed silica 
tube in an electric furnace to the 
required temperature. The tube 
^ 70 <f0 was periodically shaken to ensure 

' Co^.l,onofpho«(.ol£‘> 

Fig. I. was dropped into cold water in 

order that the solidified layers 
should have the saine composition as when liquid. The two layers were 
separated, a clear division being obtained with ease, and each analysed. 



i 

M. Pt. 

Chlorine Content. 

Mol. Percent, 
of Cadmium. 

568 ° 


0 


37-^i 

37-8 

3*4 

544 '' 


369 

7*7 

530 ° 

35-<> 

1 

35-5 

12-5 
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The results are summarised in Table I. and also shown graphically in 
Fig. X. 

The figures below agree with those of Aten • up to his maximum 

temperature 633®. The discon- 
tinuity in the solubility is difficult 
of explanation. A similar effect 
was noted by Eggink • in the 
system Bi, BiCl, and there ascribed 
to the formation of a lower chloride. 
We were at first inclined to favour 
this view here. One, however, 
might reasonably expect that in 
the rapidly quenched mass some 
indications of the existence of a 
subchloride would be found. X-ray 
photographs of the mass from speci- 
mens above and below the point 
of discontinuity gave line spectra 
identical with that of the normal chloride. Although the photographs given 
by the quenched mass were hazy and not suitable for reproduction there 
was no difficulty in measuring the position of the lines and the thirty- two 
recorded agreed well ^^^thin the experimental error with those of CdCl,. 
It is interesting to note that cadmium lines did not appear on these 
photographs, the metal being disseminated throughout the mass in a very 
finely divided state. 

Increase in temperature had little effect on the solubility of cadmium 
chloride in cadmium, the chlorine content varying between 0*1 2-0*16 per 
cent, corresponding to a cadmium mol. per cent, content of 99*8-99*75. 

Cadmium subhydroxide and suboxide. 

The eutectic mixture — the so-called comprumd Cd^Clj, was taken and 
washed repeatedly with water for 2 to 3 days until the wasliings were free 
from chlorine ions. The resulting mass which was of a dark grey colour 
was dried in a vacuum desiccator and analy.sed. Found : Cd 86*0, 86* 1. 
Cd (OH) requires 86*9. 

The above substance was then heated in a parafliin bath at 300®, a 
stream of dried nitrogen freed from oxygen by treatment with heated 
copper turnings being passed over the heated material. A dark yellow 
powder with all the reducing properties attributed to it by Morse and Jones 
was obtained. Analysis gave cadmium contents of 92*9 and 93*0 per 
cent., Cd,0 requires 9j 3 per cent. 

I^owder photographs of this mass were taken and compared with the 
normal oxide. As is evident from these the spacings and intensities of the 
two are identical and it mu.st be concluded that the so-called suboxidc 
is merely a mixture of the normal oxide and very finely divided metal. 

Summary. 

An attempt was made to prepare the sul>oxide and subhalide of 
cadmium Although the analytical data agree fairly well with the formula* 
given to the sub-compounds X-ray photographs of the products do not 
support this view. Data are given for the solubility of cadmium in cad- 
mium chloride over the temperature range 570-810® C. 

7' He Sir William Ramsay Laboratories of 
Inorf^anic and Physical Chemistry^ 

University College^ 

London. 

• Z. physihal. Chem., 1910, 73, 578. 


TABLE I. — Cadmium Chloride — 
Cadmium Phase. 


Temperature. 

Per Cent, of Cl. 

Mol. Per Cent, 
of Cd. 

570 

35*3 

iy(> 

610 

34-0 

XVI 

660 

34-4 

17*0 

700 

33-4 

20*6 

760 

33-85 

18-7 

810 

34-1 

i8-i 


• Ibid., 1908, 779 





THE PREPARATION AND PROPERTIES OF 
INDIUM DICHLORIDE. 

By J. K. Aiken, J. B. Haley ani> H. Terrey. 

Received igth August, 1936. 

Although the existence of indium dichloride has never been ques- 
tioned, it has eiiually never been satisfactorily proved. The usual 
preparative methods yield a substance whose composition approxi- 
mates to InClg but analyses vary considerably ; and the reaction with 
water, the final products of which are metallic indium and the trichloride,^ 
is very unusual in a halide. Also, from the position of indium in the 
Pcrifidic Table the expected chlorides would be InCl and InClg and not 
InCi2 as such, although the latter might be considered as a loose mole- 
cular associate of the two stable chlorides. 1 he vapour density evidence 
of Nilson and Pettersson ^ is inconclusive since the values obtained {at 
606° C. obs, 8*15 ; calc, for lnCl2 7*58) might equally well be produced 
by mixtures of InCl, InCl3 and chlorine. 

The customary method of preparation, i.e. by the action of dry HCl 
on metallic indium^*® has several disadvantages, e.g, if the slightest 
trace of moisture is present irreversible formation of InCl3 occurs and, 
in the presence of oxygen, the oxychloride InOCl is formed. Klemm,* 
using carefully controlled temperatures and in the presence of carbon 
dioxide, still found a tendency for the formation of the trichloride even 
at temperatures as low as 420®, while below^ 320*^ the chlorine content 
was too low (37*14 per cent. obs. ; 38’i8 per cent. calc.). Klemm * 
also examined the interaction of the metal and the trichloride as a pos- 
sible preparative method and concluded that the lif|uid dissociates to 
some extent into the mono- and tri-chlorides : — 

2 InCl 2 InCl “T InClg. 

By the use of a mixture of hydrogen and HCl the presence of any traces 
of InCX^l or InCl* can be avoided. It was found that if the trichloride 
was heated in a stream of hydrogen in an apparatus similar to that used 
by Mathers * for the preparation of the trichloride, a gradual reduction to 
the metal took place ; the stage InCl, InCl, readily and quantitatively 
at about 600® C (just above the sublimation point of the trichloride) and 
the stage InCl, -► InCl with more difficulty at about 700®. The 
chloride, although only slowly affected by hydrogen alone, is readily 
attacked by a mixture of hydrogen and HCl. 

If the mixture of gases contained rather less than 20 per cent. HCl, and 
the working temperature did not exceed 600®, the reduction was com- 
pletely stopped at the dichloride stage. The complete absence of water 
and oxY%exi in the HCl (difficult to ensure) is now unnecessary since any 
formation of InOCl and InCl, is precluded Another advantage of this 
method is that the starting material need not be metallic indium, but may 

' A. Thiel, Z. anofg, Chem., 1904, 4®* 3*8. 

* Nilson aiul Pettecison, Z. physik, Chem,, 1888. a, 657. 

® I*, de Bolsbaudran, CompUs Rend., 1888, 100, 701. 

* Klemm, Z, anarg. Ckem,, 1926, 15a* 252. 

* Mathers, /. Am. Chem. Soc., 1907, 39, 495* 
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be the hydroxide or the trichloride, the latter probably being the better. 
The trichloride was prepared by the method of Mathers * from In{OH), 
which had been dried at ioo°. The presence of iron chlorides colours the 
InClj yellow ; these can be easily separated by fractional sublimation. 
The same apparatus was used for the reduction to the dichloride, it being 
possible to pass in pure dry HCl, hydrogen or nitrogen either together or 
separately. A slow stream of hydrogen containing about 15 per cent. 
HCl was passed over the InCl,, while the tube was heated to low redness 
at the constriction. The dichloride collected as a yellow liquid in the 
second bulb and was gradually distilled along the tube in the same ga.seous 
mixture. It was then heated just above its melting-point in a slow stream 
of nitrogen for about J hour to remove HCl, allowed to cool and sealed off. 

The final product was a w^hite glassy solid melting sharply to a very 
pale yellow liquid, which .solidified equ^ly sharply. The melting-point, 
measured in an atmosphere of nitrogen with a micro-thermocouple (copper- 
constantan in a Pyrex capillary), was 235° db 1° C and the boiling-point 
approximately 570° C. Cl found = 38*07 per cent. ; theoretical value, 
38*19 per cent. In found =- 61 *60 per cent. ; theoretical value, 61*81 per 
cent. 

In the liquid phase there is some tendency for the dichloride to dis- 
sociate into the mono- and tri-chlorides ; this dissociation is also produced 
by the action of water (cf. indium dibromide) followed by the decom- 
jMDsition of the monochloride into indium and the trichloride. Indium 
oxychloride and trichloride are produced by the action of steam, while 
moist air produces the metal in addition to these compounds. If the 
dichloride is heated strongly in moist air, InOCl and InCl, are first pro- 
duced, and at higher temperatures the oxychloride decomposes to ln,0, 
and InCl,. 

A striking feature of the properties of indium dichloride is its strong 
resemblance in physical properties to anhydrous stannous chloride (first 
mentioned by Klemm) * viz. : — 

Indium Dicbloride. ! Anhydrous Stannous Chloride. 

WTiite glassy solid with a White glassy solid with a 
conchoid al fracture. conchoidal fracture. 

Hygroscopic. Hygroscopic. 

3*64 • 3 90 t 

235° C.t 246*8" C.* 

Pale yellow, darkening with Pale yellow, darkening with 
increasing temperature. increasing temperature. 

ca. 570". 606".’ 

Orthorhombic. Orthorhombic. 

60 = 9*^4 ± o*o 6 A. = 9*34 i 0 04 A. 

a :b: c ^ 0*710 ; i : 1*093 a: b: c - 0*708 : x : 1*069 

• Klemm * also gives 3*64. t Klemm gives 3*95. t Klemm gives 235®. 

In this connection it is noteworthy that the specific conductivities of 
the fused substances are unequal ; that of stannous chloride being consider- 
ably greater than that of indium dichloride.* This similiarity gives weight 
to the supposition that, in the solid state, the dichloride is a definite com- 
pound. Since it seemed possible that the two solids might be isomorphous 
an X-ray examination of the pure chlorides was undertaken. 

Preparation of Anhydrous Stannous Chloride. — Commercial SnCls, 
2 H|0 was heated in a pyrex distillation apparatus in a stream of d^ HCl 
until frothing ceased. It was then distilled over, collected and redistiUed 
in the same apparatus. The distillate was kept just above its melting- 

* Kendall, Crittenden and Miller, /. Am. Chem. Soc., X923, 45, 963. 

’ Bilz and Meyer, Z. physih. Chem., x888, a, 184. 


Appearance. 


Specific gravity. 
Melting-point. 

Liquid. 

Boiling-point. 
CrystaSlographic data 
(see X-ray section). 
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point, first in dry HCl and then in dry nitrogen and finally poured ofi and 
stored in a vacuum desiccator over PiOj. 

Density Measurements. — ^The densities of the solid chlorides were 
measured in dry nitrobenzene which had bt^en stood over anhydrous 
sodium sulphate and distilled three times. The mean of several deter- 
minations gave 3*90 for stannous chloride and 3*64 for indium dichloride. 

X-Ray Technique. — Although crystallographic measurements of 
anhydrous stannous chloride have been reported by Nordenskjold ® who 
stated that the crystals belong to the orthorhombic system with a : 6 : c == 
0*7366: I : I *068, many attempts in this present work to obtain satis- 
factory single crystals have been unsuccessful, e.g. (a) by sublimation both 
above and below the melting-point of the chloride (the former in vacuo) ; 
(b) by crystallisation from many solvents such as absolute alcohol, ether, 
benzene, o-dichlorobenzene and thionyl chloride ; very small clusters of 
crystals were obtained from absolute alcohol but it was impossible to 
separate out any single crystals ; (c) by the hot-wire method of Bernal 
and Crowfoot.* As no direct experimental details of the method employed 
by Nordenskjold were available, his method for the preparation of a single 
crystal could not be attempted and thus the X-ray analyses could only 
be carried out on powdered samples of the chlorides. 

Similarly it was not found possible to obtain single crystals of indium 
dichloride by any of the above methods. 


Experimental. 

The specimens were ground in a desiccator over P2O6. During the 
exposure, the indium dichloride specimens were supported in thin Lithia 
glass tubes (0*5 mm diameter) which were sealed at both ends. These 
tubes were used in order to prevent any possibility of the dichloride taking 
up water during the exposure with its subsequent decomposition.* Again 
for the same reason the exposures were completed as rapidly as possible 
by using a small diameter camera ; the exposure time being about 20 
minutes. This limits the accuracy of the ultimate lattice constants but 
the photographs were poor and the object of the work is more to show the 
similarity of the two substances rather than the precision determination 
of the lattice constants. The stannous chloride specimens were supported 
in thin collodion tubes (0-5 mm. diam.) and photographed in a larger 
diameter camera as the danger of decomposition is not nearly so great as 
with indium dichloride. The gkiss tubes were found to be unsuitable in 
this case owim to the production of a very high background density. ^ 

Cu A'a racUation was used for the final experimental work. Mo radia- 
tion was tried in the preliminary'- experiments and produced clearer photo- 
graphs but the lines were too close for mea.surement (even when filtered 
with zirconium oxide). Fc radiation produced photographs whose den- 
sity was too great for any measurements to be attempted. In all cases 
dilution of the specimens with pure dry starch (cf Davey) had little or 
no effect. 

Pure, dry sodium chloride was used for calibration purposes and was 
separated from the main sample by means of a plug of cotton wool. 

In all cases the strictest precautions were taken to prevent the entrance 
of moisture during the grinding and exposures of the samples. 

The specimens were oscillated through a 10® arc during the exp>osures. 
The values of the reflection angles, in angular measure, were averaged from 
the separate films (two for indium dichloride and three for stannous 
chloride). 

All the resulting powder photographs w*ere very poor, possessing a high 
background density making measurement difficult and for these reasons 


Nordenskjold, Bikang, K. Sif. Vet-Akad, Handi,, 1874, 2, no. z. 

®®rnal and Crowfoot, Trans, Faraday Soc., 1933, 29, 1032. 

W. P. Davey, Study of Crystal Structure and its Applications (New York). 
»934» p. 118. 
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the visual intensities reported in the tables must be treated with caution. 
It was found possible to measure with certainty 17 lines for indium di- 
chloride and 16 lines for stannous chloride ; only those lines whose ex- 
istence on either side of the centre was in no doubt have been used in the 
calculations. 

The calculated values of d for both the chlorides were found to fit the 
same logarithmic plot for orthorhombic crystals at the approximate 
axial ratios a:6:c = 0‘7i:i:i*i from which the indices marked * in 
tables were obtained. The calculated values of the lattice constants 
obtained from these indices were utilised to index the remaining planes 
which could not be indexed directly from the plot owing to its complex- 
ity at low values of d. 

For orthorhombic crystals the quadratic form for each reflection, 
assuming zero errors, is : — 

. hi* f- Bo • + Uo . li* Sin* 0 

where : A q, Bq and are respectively A*/4ao* ; A*/4^o* ; X*jj^c^*, 

The observation equations for each reflection were combined, by 
Gauss's method,*® yielding three normal equations which were solved, 
by determinants, for A and Cot ■ — 

A -f B^2:h*k* -r C^£h*l* = 2:h* Sin* $ 

A^}:h*k* - f - B^Sk* -f C^£k*l* Zk* Sin* 0 
A^Sh*l* 4 * B^2:k*l* 4- -- El* Sin® 6 


TABLE I. — Indium Dichloridk. 

Mean camera diameter = 57*484 mm. Cu A'a - i*539 A. 


Indices. 

Intensity. 

! 



^theor. 

I 

fxp. 

•“’W 

•no 

vs 

7 = 

59' 

i 

5 - 54 t 

5-584 

00193 

0*0190 

*020 

S 

9 

8 

4-84, 

4 - 82 » I 

0*0252 j 

0*0256 

*J02 

m 

10 

34 

4 *I 9 « 


0*0336 

0*0335 

*112 

m 

11 

32 

J«4. i 

3 - 83 t 

0*0400 

0*0399 

*200 

vs 

12 

58 

3 - 42 * 

; 3-425 

0*0504 

00505 

II3 

s 

14 

47 

1 30I0 

1 2*074 

1 00651 

0*0660 

220 

vs 

X 5 

59 

2*795 

2 * 79 , 

0*0758 

0*0761 

224 

w 

23 

31 

1*92* 

1*917 

01592 

0*1597 

330 

vw 

24 

27 

1*854 

I *861 

0*1713 

0*1711 

342 

i vw 

29 

5 

1*585 

! 1*577 

0*2362 

0*2368 

430 

s 

30 

41 

1*50, 

i' 5 ii 

0*2604 

0*2595 

432 

m 

32 

3 

l' 45 o 

1*453 

0*2816 

0*2804 

532 

vw 

! 38 

51 

1*227 

1*224 i 

0*3935 

0*3940 

505 

m 

42 

16 

i‘X44 

1*145 

0*4524 

0*4526 

615 

w 

50 

j8 

lOOo 

0*99, 

0*5920 

0*5914 

711 

W ’ 

52 

29 

o- 97 o 

o* 97 o 

0*6291 

0*6301 

713 

W 

1 

55 

6 

o- 93 « 

0-93$ 

0*6727 

0*6719 


Combination of the 17 observation equations using the values of sin* $exp. and 
solution of the resulting three normal equations yields the final equation : — 

0‘0I26, H* 4“ 0*00637 k* 4- 0*00534 /• « sin* 0 

from whi(;h .* — 

a© = 6*84 ± 0*04 A. ap /64 = 0*710 ± 0*012 
bo ^ 9*64 ± o*o6 A. 

Co — 10*54 ± o*o6 A. Col bo = 1*093 ± 0008 

Density for 8 molecules of InCl, or 4 molecules of 10,014 -- 3*53. 

Experimental density == 3*64. 

Fairbanks, Laboratory Investigation of Ores (New York, 1928), p. 79- 
**MeHor, Higher Mathematics, p. 557. 

t C/. M. U. Cohen.** The correct form of Cohen's equation, i,e. with the ad- 
dition of the " drift constant D ” was not used as it was considered unnecessary 
owing to the large experimental error resulting from the poor powder photographs 
M. U. Cohen, Rev. Sci, Instr., 1935, 
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TABI-E II. — Anhydrous Stannous Chloride. 


Mean camera diameter = 104*05 mm. Cu A'a -== 1*539 A. 


Iiuliees. 

Intensity. 


ej 7 >. 


sin - _ . 

fxp. 


♦no 

vs 

8^‘ 

n' 

5-408 

5-402 

0*0203 

0*0204 

♦102 

m 

1 1 

3 

4*014 

3-983 

0*0367 

00373 

♦112 

s 

1 2 

8 

3*66i 

3-664 

0*0442 

0*0441 

•022 

s 

M 

t 

3*417 

3*411 

0*0506 

0*0509 

130 

w* 

15 

32 

2-815 

2-815 

0*0747 

0*0748 

03^ 

s 

lO 

59 

2^34 

2*641 

00853 

0*0850 

203 

vs 

19 

1 1 

2*342 

2*344 

o*io8o 

0*1076 

230 

W' 

19 

59 

1 2*252 1 

2*265 

0*1168 

01155 

310 

w 

21 

4 

2*141 

2*143 

0*1292 

0*1289 

3 “ 

m 

21 

29 

2*101 

2*095 

01341 

01348 

224 

in 


53 

1*829 

1*832 

i 01771 

I 0-1763 

313 

w* 

25 

*3 ! 

I *806 

1*802 

j 0*1815 

i 0*1822 

410 

w 

28 

7 j 

1*624 

1 -62 1> 

1 0*2245 

I 0*2239 

342 

I vw i 

1 30 


1*529 

**525 

i 0*2533 

1 0*2547 

423 

in 

I 33 

7 

1*409 

1*410 

, 0*2984 

j 0*2976 

404 

w* ' 

j 

j 33 

1 

5 <> 

j 1*379 

i 

1*377 

' 0*3116 

0*3119 


Solution of the three normal equations yields : — 

0*0 1 35. A* + 0*0067,^* -f- 0-00594/* Sin* 6 

from which : — 

- 0*01 .r 0*03 A. ~ 0*708 i 0*009 

9'34 i 0 04 A- 

“ 9*98 3: 0*04 A, C^jba ^ 1*069 ± 0*000 

Density for 8 molecules of SnCI, or 4 molecules of Sn4C]4 - 4*00, 

Experimental density 3*90. 

The deviation of the theoretical densities from the experimentally 
measured values, for both the chlorides, lies within the experimental 
error of the lattice constant determinations. When comparing the above 
experimental axial ratios for stannous chloride with those given by 
Xordenskjold,* it must be remembered that although, in his paj>er, the 
figures are stated to be only approximate they are given to 4 decimal places ; 
in addition the author appears to be in doubt as to the purity of his sample. 

It should be noted that seven preparations of indium dichloride and 
live of stannems chloride yielded identical powder diagrams ; the latter 
including a preparation by the action of dr>' HCl on metallic tin. 

The preparation and analysis show* that, in the solid state, indium 
dichloride is a definite chemical entity and this is confirmed by the X-ray 
evidence. Its very close resemblance to anhydrous stannous chloride shows 
that it cannot be a molecular " compound of the residual valency type. 
That this resemblance to some extent persists in the liquid phase is showm 
by the similar, but by no means equal, specific conductivities and lx>iling- 
points. 

It is now reasonable lo assume that the vapour density values of 
Nilson and Pettersson * are actually due to the presence of associated 
molecules of ln,Cl4, more particularly so since this effect is also observed 
with stannous chloride.'* The solids are no doubt completely asso- 
ciated to compounds of the type MjCl^, as in the case of anhydrous 
cupric chloride and other anhydrous metallic chlorides. The fact that 
molecular weight determinations of stannous chloride in organic sol- 
vents indicate that it exists as single molecules cannot be taken 

BiltE and Mever, Ber.» 1888, ai, 22. 

Werner and Schuler. Z. anerg, Chent,, 1897, 15, i. 

N. Castoro, Gasz. Ckim. Italiana, (ii), 18^, ai, 317. 
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as evidence for the molecular condition of the soild {cf, for example 
molybdenum dichloride, which is trimolecular in the solid although 
unimolecular in urethane ; the latter being one of the solvents used 
for the molecular weight determination of anhydrous stannous chloride).^* 
Stannous chloride {cf, cupric chloride) is probably derived from HjSnCl4 
with the following structure : 

Cl — 

:Sn^^C\:in:C\ 

.. « J 

Similarly indium dichloride is probably derived from HlnCl* ; — 

Cl 

: In' Cl : In ; Cl 
• • 

Cl 

These structures, although differing in ionic charges, have identical 
electronic configurations, which would lead to strong physical similar- 
ities between the two chlorides. The larger ionic charge of anhydrous 
stannous chloride would also account for its greater conductivity in the 
fused state.* 

It may be supposed that these complex ion.s are relatively unstable, 
being decomposed by solvents and partly dissociated on fusion (more 
particularly so on vaporisation). The breakdown of the complex SnCli 
ion will lead to the formation of Sn and Cl ” ions, i\e. simply ionised 
SnClj, viz:-- 

Sn "'^[SnCl4]'“'" 2 -f 4C1’*' 

while that of the InCli”” ion will give In’^, and Cl“ ions, viz : — 

In^[InCi4“]~~> In^ + In"^^ ^ f 4CI-. 

The above reactions provide a logical explanation of the action of 
water and heat on indium dichloride. The yellow colour of the fused 
chlorides can then be explained by the presence of small quantities ot 
stannous chloride (SnClj) and indium monochloride respectively. Thi-^ 
is supported by the observ^ation that if indium dichloride is heated in 
a sealed, evacuated tube {i,e. under conditions favourable to this dis- 
sociation) and suddenly cooled, the solid is coloured yellow or red. 

We wish to point out that the suggested structures are based on 
chemical rather than X-ray evidence. 

Summary. 

A new method for the preparation and the chief properties of indium 
dichloride are described. 

This substance is shown to be similar in physical properties to anhy- 
drous stannous chloride. X-ray analysis shows both substances to be- 
long to the orthorhombic system with similar lattice constants. 

Evidence is presented to support the view that both substances ari‘ 
associated in the solid state. 

The Sir William Ramsay Laboratories of Inorganic and 
Physical Chemistry ^ University College^ London, 

Blomstrand, /. prakt. Chem,, 1861, 423. 

^•Ephraim, Inorganic Chemistry (English Trans.), 1934, p. 239 * 



THE INTERACTION OF CARBON DISULPHIDE 
AND SULPHUR DIOXIDE, 

By B. Crawley and R. H. Griffith. 

Received %th September^ 1 936 . 

The fact that carbon disulphide reacts with sulphur dioxide, in con- 
tact with alumina, to give carbon dioxide and sulphur, has been recorded 
by Lenander.^ A survey has now been made of a wide range of cata- 
lysts for this reaction. 

The apparatus employed is shown in Fig. i. A stream of sulphur 
dioxide was measured by the flow gauge A, and passed over carbon di- 
sulphide in the saturator B, which was kept at any desired temperature 
in a thermostat. The mixttire then entered the reaction tube made of 


fE 



Lionel metal and heated in the electric furnace C. The lower end of this 
tube was also heated so that molten sulphur ran out of it into the collector 
D, which consisted of a glass vessel having a detachable metal head and 
containing a beaker of convenient size in which the solid product could be 
weighed. The system was freed from air by means of a stream of nitro- 
gen entering at B Comp>arative tests with various catalysts were carried 
out at 450"^ and atmospheric pressure by determining the weight of sulphur 
formed in i hour with a rate of So c.c. of sulphur dioxide per minute. The 
results were expressed as the weight of sulphur which would be given by 

^ U.S. Pat. 1,904,482, 1,904.483, Brii. Chem. Ab$ir., B. 1934. 145 - 
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shown by velocity curves given in Fig. 6. It is clear that Van der Waals' 
adsorption also takes place simultaneously, but owing to the overlap of 
the two types it was found impossible to separate one from another. 



Fig. 6. — Adsorption velocity curves for SO^ on titanium sulphide. 


Discussion. 

The feature of particular interest in tliis reaction is that activated 
adsorption of only one reactant is shown to be necessary. It is aLo 
evident that this type of adsorption first has a measurable velocity 
at just the same temperature as the reaction is detectable. The eliant^e 
therefore appears to occur by collision of a free carbon di'iulphide mole- 
cule with an adsorbed sulphur dioxide molecule. 

It is intended to investigate the kinetics of this reaction more closely. 

The facts now presen^^^'d have also some signihcanee with relation 
to the hydrogenation of carbon disulphide to give methane and hydrogen 
sulphide. Titanium sulphide is one of the most active catalysts for this 
redaction, at 400-450°, and the change therefore oecurs .similarly by 
collision of carbon disulphide with adsorbed hydrogen. It has been 
found that activated adsorption of hydrogen takes place on titanium 
oxide (unpublished data) and it mu.st i)e presumed that it occurs equally 
on the sulphide. 


No, I Laboratory, 

The Gas, Light and Coke Co, 








THE KINETICS OF SIMULTANEOUS POLYMER- 
ISATION AND RING FORMATION. 

(A note in reply to Dr. Stoll.) 

Hv. G. Salomon. 

Deceived 14 /// Anpist, 1936 . 

A paper of tlie author’s on tliis subject ' occasioned some criticism.* 
The paper coiLsisted of a survey of research results, without the inclusion 
of exp>erimental details, and the kinetic analysis, being one in common 
use, was represented on this occasion only by some simple differential 
equations. A part of the author’s experimental results have now been 
published in detail * and in this lengthy publication the points on which 
misunderstanding had ari.sen have been clarified.® They may be briefly 
summarised ; 

(1) Dr. Sfijll dcKiS wo/ discuss the constant of a first order reaction but 
that of a run made at one concentration only ; this is not permissible.* 

(2) I'hc cnhancetl reactivity of the imines is not unsupported by 
experimental data ” but was made very probable by the experimental 
results, which cx)nforra >\'ith the differential equations. The “ schematic 
example is calculated by Stoll \N'ith arbitrarily chosen con.stants, though 
Ostwald * showed long ago that the position of the turning point depends 
on the ratio of these constants 

(3) Conclusions as to imcatalyscd and irreversible imine^formation, 
if deduced from the kinetics of the catalysed, autocatalysed and rever- 
sible lactone-formation (esterification), are not jx)ssible on account of the 
dificrence in dimensions, 

(4) In the detonninations of yields by Stoll following the progress of 
the syntheses titrimetrically. water, which participates in the reaction 
and the presence of which is necessary for catalysis, is discontinuously 
distilled away. 

(5) Determinations of yields in lactimc-synthesc.s were calculated by Stoll 
with an unproved integral and comparisons carried out with the “ constants ’’ 
so obtained. This is at variance wdth the axioms and definitions of chemical 
kinetics. Moreover the arbitrarily established differential equations are 
applicable not to esterifications but to uncatalysed and irreversible re- 
actions. If, however, the comparison of yields is carried out without the 
aid of mathematical apparatus, it has bi^n proved, tabic 24,* that the 
polymers isolated originate in different veaeiion-cour^ies, four different 
esterification-reactions being possible. This result is in gtKxl agreement 
with the researches of Carothers • and the predictions of Ziegler.' 

* Trans, Faraday Soc., 1936, ja, 154, but in Advance Proof, September 1935. 

*M. Stoll, Trans, Faraday Soc,, 1936, 32, 1031 ; M. Stoll and A. Rouv^, 

Helv., 1935, 1087 : cf. 1092-1096, 

* G. ^omon. Helv., 1936, 19, 743. 

* VanT Hoff, Vorlesungen uber theoretische und physikalische Chemie, 2, 
Aufiage, I. Teil pages 191-192 ; Mellor, Chem, Statics and Dynamics, London, 
1904. 

‘ Ostw^ald, AUgenuine Ckemie, II,, 1896, pp. 264-266, cf. Fig. 5. 

•Carothers, Hill, Van Natta, Spanagel, and others. Am, Soc,, 1929-1936; 
tf, Jm. Soc., 1936. 5S, 654. 

* K. Ziegler, H. Eberle and H. Ohlinger, Ann, 1933. 504 f 94“i3o ; cf, pp. 98, 

100. 
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As often in organic chemistr3^ such determination of yields demonstrates 
only the accessibility, but not the ease of formation of the compounds 
isolated. Ziegler whose ingenious pioneering work is built up on purely 
kinetic considerations has already demonstrated * that comparison of 
yields may be successfully carried out without mathematical apparatus. 

Added in proof (13/X/1936) : The last paper of the writer® has now 
been criticised by Dr. Stoll,* who, however, finds no new experimental 
data which weaken the arguments outlined above. The author emphasises 
that the dilferential equations he used in his earlier papers are identical 
with those involved in his last paper. Moreover, not the slighest change 
has been made in the application of Ostwald’s method of kinetic analysis. 

yote by Editor. — Further notes on this pajxn* * will not be published 
in these Transactions. 

The University, 

Reading. 

* K. Ziegler and R. Aurnhammer, Ann., 103^, 513, 4S~^A- 
*M. Stoll and A. Kmivt^. Heh\, 1936, 19, 1079. 


THE RAPID MEASUREMENT OF THE OXIDATION 
OF INSULATING OILS IN AIR. 


By a. Gemant. 

Received 13/// July, 1936. 

The author recently in\x*stiguted ^ the absorption of air by mineral 
oils for a temperature range of 20° to 80° C. I'lic method used was a 
manometric one, and it seemed obvious that a similar apparatus could 
be used for the determination of the tendency of an oil to oxidise at 
higher temperatures. Although a certain amount of work exists 
already on the subject of oil oxidation,* the results so far obtained have 
not been completely conclusive and it was decided to carry out further 
experiments on this line which are here recorded. 

It is generally agreed that the oxidation rate of an oil is not an 
absolutely reliable measu’*e of its stability in practical service ; coking 
tests, measuring carbon <leposits, or sludge tests a,re generally preferred 
as laboratory methods. The British Air Ministry^ makes use of the 
change in viscosity after a prolonged treatment * in its test for lubricating 
oils. Weiss and Vellinger ^ consider the change of different physico- 
chemical factors after an artificial ageing much more important than 
the actual measure of oxygen absorption. 

There exist, however, several methods for testing an oil by its actual 
oxidation rate. Mardles ® and Ornstein and collaborators ® determine 

' A. Gemant. Tfa7is. Faraday Soc., 1936, 32, 694. 

' See. for instance, D. R. I^^e, The Internal Combustion Engine, Oxford, 
1934.2,118. 

® F. H Gamer, C. I. Kelly and J. L. Taylor, World Petroleum Congress, 
London, 1933, 2, 448. 

* H. Weiss and E. Vellinger, ibid., 1933, 2 , 423. 

® E. W. J. Mardles, Trans. Faraday Soc., 1931, 27, 681. 

• L. S. Ornstein, C. Janssen, C. Krygsman and D, Th. J. ter Horst, Phvsica, 
1935. 2, 201. 
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the absorbed oxygen by chemical analysis ; Evers and Schmidt by 
the number of coulombs necessary to replace the loss by electrolytic 
oxygen, while Evans * makes use of the simple manometric method. 

The two chief advantages of the test described below are its sim- 
plicity and its quickness, it being possible to complete one in approx- 
imately two hours. Although a more prolonged test certainly yields 
results more in accord with the actual behaviour in service, cases often 
arise where, for some reason or other, a quick estimation of the quality 
of the oil is retjuired. 

The Method and Apparatus. 

If oil is kept in a closed space at a high temperature and constant 
pressure, the progressing oxidation can be measured by means of a mano- 
meter indicating the steadily decreasing volume of the gas above the oil. 
Such measurements are rather unsuitable for chemical investigations 
since the decrease 
in volume is really 
the algebraic sum 
of two terms, the 
positive terms 
being given by 
the volume oi 
oxygen absorbed 
by the oil and the 
negative one by 
the volume of 
volatile gases 
formed as a re- 
sult of the oxida- 
tion of the oil. 

But since our 
present purpose is 
only to find some 
characteristic dif- 
ference betwetjn 
oils of different 
quality, it docs 
not matter much 
whether the re- 
sults are fit for 
chemical analysis 
or not. 

In order to obtain quick changes in the volume of the air, the latter 
was chosen to be of the same order as that of the oil in contact with it, 
in contradistinction to the arrangement of other experimenters, using a 
much larger volume of air than of oil. In any case the change in volume 
cannot be directly interpreted as a rate of oxidation, since the decrease 
t)f the concentration of oxygen in the gas phase has to be taken into con- 
sideration. In a comparatively short time equilibrium between oil and 
gas will be reached and the whole process stops. This on the other hand 
is not a disadvantage, so long as the process itself is really different for 
oils of differing grade. 

The apparatus used is shown diagranimatically in Fig. 1 ; A is a glass 
bulb of some 200 c.c. content, filled with 130 c.c. of the oil to be measured 
B is a ground-glass joint, leading to the three-way stopcock C. The tube 
I> serves for cooling the upper , part by continuously running >vater, thus 

’ F. Evers and R. Schmidt, Erdol und r«r. 1933, 9, Nos. i and 3 . 

• E. A, Evans, World Petrol. Congress, Londbn, i933» 460. 
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keeping the joints tight during heating. The whole was mounted on the 
board E and shaken, if required, by the arm F of a shaking device. G is 
an oil bath, with electric heaters I and I' and a thermometer J. The 
tubing K leads to a pump and the tubing L by means of the stopcock P, 
to a manometer with two separate branches M and O joined b}^ the tubing 
N. Q is a calcium chloride tube to keep the system dry. 

Readings are taken by shifting the right branch of the manometer, 
until both are level. I'hc volumes given in the following graphs are 
always reduced to normal conditions (0° C. and 760 mm. Hg pressure), 
and to 100 gm. of oil. 


Results for Constant Temperature. 


The best results can be obtained by keeping the temperature at a cer- 
tain constant value, and plotting curves relating changes in gas volume 
to time. In Figs. 2 and 3, the decrease in volume is measured in c.c., 

and the time in 



minutes. Each 
hgure contaiins 
data for four 
spx'cial oils at 155^ 
and 145'' C. respec- 
tively. Copper 
catalyst was al- 
ways present. 

In this ])aper 
only thin oils of 
the iii.sulating ty]X! 
arc considered, but 
the extension of 
the method to 
other oils, for in- 


Fig. 2. — Oxidation curve.s for four oils at 155^ C. stance lubricating 

(reduced c.c. of gas against mins.). <>iE. iJ> certainly 

feasible. .\ few^ 


data of the four oils (supplied by Mes.srs. Silvertown Lubricants, Man- 
chester) are summarised in Table 1 . .Vll these, with the exception ni 
No. 4, are heavily acid refined. 


cc 



Fig. 3. — Oxidation curves for four oils at 143'^ C. 


In comparing the results for the four different oils, consider first the 
155° curves (Fig, 2). A 30 and A o show a rapid absorption, which sud> 
d^ly stops, the change afterwards being a slight decrease for A 30, a 
slight increase for Ac. B 30 shows rapid absorption first, which is soon 
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Number. 

Grade to British Standard 
Specification. 

Origin. 

Shidge Fig. 
per Cent. 

I 

A 30 

Russia 

0*02 

2 

Ao 

America : Kansas, Oklohama 

0*05 

3 

B 30 

Russia 

0*21 

4 

B 0 j 

America : Eastern Pennsylvania 

0*53 
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replaced by a slower process, finally stopping like the other two. B o 
exhibits only the 
firrst apid absorp- 
tion which stops 
very soon, the 
curve slightly de- 
creasing further. 

Although it is 
not possible to 
draw definite con- 
clusions without 
a more detailed 
work (chemical 
analysis of the 
gas), it is still 
evident that the 

aspect of the 30 

curve is strikingly 
different for oils 
of different grade. 


/ 


It 


(1 

i 


mms 


60 


90 


“Ref)eated curves for a sample of A o oil at 155® 
(in intervals of 3 days) . 


C. 






Summarising the differences we could say that the steeper the curve and the 
higher the ordinate which it finally reaches, the higher the quality of the 

oil. This some- 

j w'hat paxadoxi- 

3 | ' cal result may 

I , be accounted 

for by the fact 
that the less 
stable the oil, 
the further oxi- 
dation proceeds 
and the more 
likely the for- 
mation of vola- 
tile, low molecu- 
lar end pro- 
ducts, acids, 

SO 60 9 ^ which counter- 

act the decrease 

— r -y of the gas vol- 

ume. A gas- 
analysis after 
the oxidation is 
finished, would 

M X show whether 

^ this assumption 

Fig. 5. — Repeated curves for B o oil at 145® C. is right. Hen^ 

^ the range of the 

four oils is : A o, A 30 (both very nearly the same) ; B 30, B o in good 
agreement with the sludge figures. 
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OXIDATION OF INSULATING OILS IN AIR 


The difference between the curves in Fig. 3 (for 145® C.) still exists on 
similar lines, although it is somewhat blurred by induction periods ex- 
hibited by the A grade oils. It must be remembered (and will be shown 
later) that the above behaviour for 155® C. is reversed at lower tempera- 
tures (below 140® C.). where the volume changes are the more pronounced 
the less stable the oil, since in this temperature range the curves are con- 
trolled mainly by the absorption rate of oxygen. It follows, therefore, 
that the above striking difference is best exhibited at temperatures very 
near 150® C., since at still higher temperatures (above 160° C.) the produc- 
tion of volatile products probably dominates the process for any type of oil. 


Repeated Measurements with a given Sample. 

The above result can be completed by repeating the same process on 
the same given .sample of oil. Fig. 4 shows the result for the A o oil at 
155® ; Fig. 5 for the B o oil for 145° C., the curves being taken at intervals 
of 2-3 days. The high-quality oil shows the same type of curve at each 
repetition, with the final height, however, continuously decreasing. 
Even in this case volatile products are formed, which slightly increases with 

time. (The first 
total decrease 
seems to corre- 
spond quantita- 
tively to the 
amount of oxygen 
exi.sting in the 
bulb.) 

The Bo oil on 
the other hand 
yields quite differ- 
ent curves at each 
repetition (Fig. 5), 
and clearly, at the 
third time, one 
entirely on the 
negative side, 
showing a pre- 
dominance of 
gaseous oxidation 
products over the 
oxygen absorbed. 

A rather in- 
structive compari- 
son is shown in 
Fig. 6, including 
data for oils Nos. 
I, 3 and 4 at 
155® C. After fx) 
minutes shaking, 
the bulb was 
brought to rest, 
rapidly exhausted 
by means of the 
pump (no change 

in physical absorption takes place during a few seconds with the oil at 
rest), and fresh air let in. Then shaking began and after 15 minutes the 
same procedure was repeated. Whereas the character of each repeated 
curve remains unchanged, so far as the A oil is concerned, there is a marked 
drop at the beginning of each new portion in the case of the B o oil. 
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Curves with Varying Temperature. 

Finally, Fig. 7 shows the fate of change of volume plotted against tem- 
perature for all four oils. The ordinates are the logarithms of (reduced) 
c.c. of gas per 
minute, the ab- 
scissae tempera- 
ture. By a rea- 
sonable extra- 
polation of the o * 
curves beyond 
their measured 
range, it is seen 
that below say 
140° C. the B 
grade oils lie ^ 
above the A grade 
oils, whereas 
above say, 150° 
the opposite is the 
case. A rapid 
test below 140*^ ^ 
is, however, not ^ 
feasible, since the 

oxidation rate Ls Fig. 7, — Oxidation rate against temperature for four oils, 
generally s<^> low 

that the change in gas volume would not become obvious enough in a short 
time. Hence our choice of 155° C. 

Conclusions. 

The results indicate clearly that there is a marked difference in these 
oxidation curves concerning oils of different quality. Further com- 
parative study with more samples and measurements, showing the cor- 
relation l>etween this test and some other chemical changes in the oil, 
e.^., acid rise, sludging, peroxide formation, etc., will, however, be required 
to determine whether the method is really suitable for a routine test. 
It seems as if the chief merit of the test consists in a quick elimination of 
quite unsuitable types, whereas a further differentiation of the remaining 
good ones has to he carried out by one of the more prolonged tests. At 
any rate, the manometer could \ye replaced by an automatic pressure 
recorder, in which case the oj>eration of the device, now' at constant 
volume, could l>e made extremely easy. It is intended to continue the 
investigation on the lines just mentioned. 

Summary. 

If oil is oxidised at about 150® C. under constant pressure in a rela- 
tively small closed space, and the decrease of the volume of the gas phase 
is plotted against time, curves are obtained which vary characteristically 
with the grade of the oil. The changes are the less pronounced, the curves 
the flatter, the poorer the oil, owing probably to production of volatile 
products, counteracting the effect of absorption of oxygen . 

The method seems to be suitable for rapid testing of the stability of oils. 

The author is much indebted to Professor R. V. Southwell, F.R.S., 
for facilities placed at his disposal ; to Messrs. Metropolitan Vickers 
Electrical Co. Ltd., Manchester, for a grant enabling him to undertake 
this investigation ; and to Messrs. Silvcrtow'n Lubricants for the samples 
of oil. 

Communicated from the Engineering Laboratory ^ 

Oxford University. 




THE CHEMICAL KINETICS OF DIELECTRIC 
RELAXATION. 

By F. C. Frank. 

Received I2tth August ^ 1936. 

When one says, on the grounds of its dielectric behaviour, that 
a cetyl palmitate molecule in solid solution in paraffin wax rotates 
about as freely as if it were in a continuous fluid of the viscosity of castor 
oil, that is useful in enabling one to feel in imagination the restraint upon 
the molecule, but in the end one must admit that the model is too remote 
from the actual conditions to be more than a helpful analogy. We 
have tried in the past to defend the model by supposing the ester grouping 
sufficiently incompatible with the hydrocarbon crystal to break it up 
in its immediate neighbourhood into a disordered condition approaching 
that of an oil : but this defence will not stand. That there can be no 
laminar flow is but one of many difficulties in the way of it. P'or example, 
when we change to butyl stearate instead of cetyl palmitate wc find the 
maximum of dielectric loss at 7 MC. shifted down some 44® C in tem- 
perature. Taking a temperature coefficient of “ viscosity ’* from the 
cetyl palmitate results, we find this corresponds to a change by a factor 
of 50. Yet neither the molecular volume nor any molecular dimension 
has been reduced by such a factor. The temperature coefficient is also 
different, and different again for a solid solution of cetyl alcohol in the 
wax. Tlius we learn that both the “ viscosity and its temperature 
coefficient depend on the solute as well as upon the solvent. 

It is clear that when we are applying the conception of viscosity to 
the movements of a single molecule, we must examine the discontinuous 
molecular processes which produce viscosity. Several theoretical dis- 
cussions of viscosity * are suggestive, though none is quite directly 

applicable to our case. We must go to something more fundamental 
than these, to which they are related, the theory of unimolecular reactions. 

When electric st.ess is applied to some materials containing polar 
molecules a statistical departure from random orientation is impressed 
upon them. If the stress is abruptly removed, the impressed orientation, 
which is observable as an electric displacement within the material, 
decays with a finite relaxation time. This decay has hitherto been 
treated as a rotational diffusion by Brownian movement : but it is equally 
analogous to a cis'trans isomerism. The proposal of the present paper, 
therefore, is to apply the equations of chemical unimolecular reaction 
to the process of dielectric relaxation. 

In practice we do not adopt the difficult expedient of abruptly re- 
moving an electric stress, but apply a sinusoidally alternating voltage 
to the material. Then for periods of alternation near to the relaxation 
time T for orientation of the polar molecules, we find an energy absorp- 

' J, Frenkel, Z. Physik, 1926, 35, 664 ; Nature, 1930. 135, 581, 

® J. S. Dunn, Trans. Faraday Soc., 1926, aa, 401, 

• E. N. da C. Andrade, Phil. Mag., 1934, 497 * ^98. 

* H. E3rring, J. Chem. Physics, 1936, 4, 283. 
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tion in the material and a dispersion of its dielectric constant : the 
dielectric constant passes through its mean value and the imaginary di- 
electric constant (which is a measure of the absorption) through its maxi- 
mum when the period of alternation is approximately 2irT. (See Fig. la.) 

Debye introduced an inner friction constant governing molecular 
rotation in his treatment of the relaxation (ref. 5, p. 85). Tentatively 
he estimated this by the 
Stokes* formula for rota- 
tion of a sphere in a ^ e* fo 

viscous fluid, obtaining 


(where is viscosity, a 4 

molecular radius, k e* 

Boltzmann’s constant.), ^ — 

to connect r with at i 2 ^ 7 ? ^ 

least a reasonable order ' ' - ^ ^ 

of magnitude for the ^ F 

molecular radius. The ^ 

success with hydroxylic / 

liquids was unexpectedly S j 

good, but since then 

more normal systems iX. 

have all shown excess- ^ j 

ivcly small radii. The £70 ^ m e 9 o \u>o W' sio m 

maximum loss for these 
liquids occurs, however, 
in a highly inaccessible 
range of frequency, and ^ 
the best examples of the ^ 

Debye loss curves have 
been found with solids 
or semi-solids to which 

this formula can only be £ro zto 290 300 

applied by introducing Fig. i. — ^Theoretical variation of dielectric constant 
an entirely fictitious (c') and loss (c"). (a) with frequency and (6), 

viscosity. W* with temperature. 

We shall not be able ^ assumed to change by i for lo*^ 

vve snail not oe apie change of temperature, and is given a tem« 

to aistingui.sh in practice perature variation shown by the broken curve 

(at least, with present as an ideal case of orientation polarisation. 

resources) betw^ecn the W the c" curve of (6) is redrawn on a logar- 

Brownian rotation anA ithraic scale. The s>Tnmctrical broken curve 

orownian rotation and corresponds to a constant or the c" curve 

chemical reaction mech- of (a) 



an entirely fictitious (c') and loss (c"). (a) with frequency and (6). 

viscosity. W* with temperature. 

We shall not be able ^ assumed to change by i for lo*^ 

vve snail not oe apie change of temperature, and is given a tem« 

to dlstingULsh in practice perature variation shown by the broken curve 

(at least, with present as an ideal case of orientation polarisation, 

re.sources) betw^ecn the W the c" curve of (6) is redrawn on a logar- 

Brownian rotation anA ithraic scale. The s>Tnmctrical broken curve 

orownian rotation and corresponds to a constant or the c" curve 

chemical reaction mech- of (a), 

anisms. According to 

the former, the molecule loses the impressed orientation by a succession 
of random movements, the trace of its original position becoming less 
and less after each. According to the latter, the molecule is sup- 
posed to make larger and less frequent movements, one of which de- 
stroys practically all trace of the original orientation (at other times 
oscillaUng about a temporarily fixed mean position). There will be 
very little difference when we observe the integrated effect of manv 


* P. Debye» Polar MolectUes, 1920, 
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molecules. Moreover, there will be no sharp borderline distinguish- 
ing systems to which one or the other treatment should be applied, 
though we can often say which is the appropriate treatment in par- 
ticular cases. When the polar solute molecule is much larger than the 
molecules of solvent the Brownian movement treatment is applicable. 
Where we have a molecule of variable orientation embedded in a crystal- 
line solid (as for example our solid solution of cetyl palmitate in paraffin 
wax), the unimolecular transformation treatment is fairly evidently 
more suitable. This is also the natural corollary of the special treatment 
tentatively suggested by Debye for ice (ref. 5, p. 104). 

In the simplest sort of case, we should suppose the polar molecule 
undergoing rotational oscillations with a certain frequency v about a 
fixed mean position, until it received (as a thermal fluctuation) enough 
energy of oscillation € to lift it over a potential barrier, when it would 
have the chance to settle down into other minima of potential energy 
with different orientations. In such a case the activation would be in 
two quadratic terms, and the rate of the de-orientation reaction would be 

3 •/wr^ 


since the attempt to leave the potential valley can be made twice in each 
vibration, w^hile the probability of success is given by the Boltzmann 
term. This is analogous to Frenkel’s viscosity theory, and the simple.st 
class of chemical reactions : but it makes the supposition that the en- 
vironment of the molecule is permanent and unvarying, whereas in 
reality it will also be subject to thermal fluctuations. Hence we may 
anticipate in some cases at least the more complicated behaviour char- 
acteristic of activation in many degrees of freedom, prcKlucing in thi> 
case a general loosening of the material in the neighbourhood of the 
polar molecule. Since the limits of the system here include the whole 
crystal, whereas in the majority of unimolecular chemical reactions it 
is only a molecule of a hundred atoms at the most, we may anticipat(‘ 
extreme values of the number of degrees of freedom activated, providing 
an interesting extension to the class of unimolecular reactions. The 
effects of activation in many degrees of freedom are to produce large 
values both of C and A in the Arrhenius equation 

k == 

Debye represented the decay of orientation as a simple exponential 
process 

t being time, r the relaxation time (ref. 5, p. 84), so that when we re- 
present it as a unimolecular reaction the velocity constant must be 
taken as l /r. Using this expression Debye deduced the following equa- 
tions defining the behaviour in an alternating field : 




I + 


I + 


€, + 2 


where 
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o> is the circular frequency, cj the dielectric constant at low frequency, 
that at high frequency, c' and c" the real and imaginary parts of the 
complex dielectric constant €* 

c* = c' - 

(Fig. la). 

There is experimental evidence that log t varies nearly linearly with 
temperature. This is equally in harmony with the temperature variation 
of viscosities and of velocity constants. When the temperature coeffi- 
cient of T is large, as in the experimental cases considered in this paper, 
we may neglect other sources of variation with temperature (chiefly the 
change of Cj — Cq), and attribute all the temperature variation at con- 
stant frequency of c' in the range of maximum dispersion, and c" through- 
out its measurable range, to the change of r : as a result, the change of 
these quantities with temperature is closely similar to their change with 
the logarithm of the wave-length. (Fig. i^.) 

To Derive r and its Temperature Coefficient from Loss 

Measurements . 

In an ideally simple case in w’hich log t is a strictly linear function 
of the temperature 1\ and Cj, and ct> constant, the graph of log e" 
against T becomes a hyperbolic curve approximating closely, except 
near the apex, to a pair of straight lines of equal and opposite slope 

(Fig. ic). The slope of these asymptotes is ~ log t. The same is true 

(►f the asymptotes of the logs of power factor, dipole conductivity, and 
in fact all the (piantitics in terms of which dielectric loss is specified. 
This is one of the most valuable relations for deriving the required in- 
formation from experimental results, since it can be applied if necessary 
to results measured at only a single frequency. The method of logarith- 
mic plotting against temperature is also a much more sensitive test of 
departure from ideal behaviour than the usual direct plot. Its only dis- 
advantage is that it throws reliance upon measurements of the dielectric 
loss away from the maximum, where it may be very small. There will 
be some tendency to underestimate the temperature coefficient when 
there are not enough accurate points sufficiently far from the maximum. 

Where it is necessary to deal with measurements near to the maximum, 
the ideal loss curve can be described to a sufficient approximation by 

when 

so that T = 

t\s {T ^ where is a temperature in the middle of a small range — 
here the temperature at which c" is maximum. 

The same formula applies to dipole conductivity, and in the special 
case of a dilute solution of polar solute in non-polar solvent (which in 
any case is the only one in which ideal behaviour can be expected), 
also to the power factor and related quantities. 
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From this expression we obtain 


and 


dy/6t = Yj • » 


whence it is possible to derive expressions for the width of the curve 
fi)» o** slope for any particular value of y. The use of these 
quantities should, however, be avoided when possible, since any sort 
of inhomogeneity in the material, which is to be anticipated in all cases 
for which extensive measurements near the loss maximum have yet been 
made, causing t to have not a single value but a small range, will lead 
to serious underestimates of the temperature coefficient of t by this 
method. Another objection to it is that in measuring with solids 
at high frequency experimenters sometimes allow the wave-length to 
change with the changing dielectric constant of the material in its dis- 
persion range, a considerable practical simplification which complicates 
the theoretical form of the curve near its apex. When this is not the 
case, comparison of this value with that obtained in another manner 
can be used to measure the degree of inhomogeneity. 

Where we have measurements at several frequencies we can obtain 

what is practically ^ log t by plotting log (frequency) against tem- 
perature of maximum loss and measuring the slope of the graph, which 
should be practically a straight line. When available, this is generally 
to be preferred to other methods, but entails a large amount of experi- 
mental work. 


To Derive r. 

When a maximum of dielectric loss is observed, tlie procedure is 
easy enough. 

(l) The imaginary dielectric constant c", the dipole conductivity 
(proportional to cue" and to the power loss with constant voltage) and 
the dipole resistivity (proportional to c" to and to the power loss with 
constant current) all reach their maximum against temperature when 
X = I, when 

I #.4-2 #.4-2 

Zrrv. 


(2) €* 1^ = tan 8, commonly called tlie power factor, the phase 
angle 8, and the true power factor sin 8, all reach their maximum when 


t.e., when 



i = 

T Co+ 2 



to. 


(3) We need not consider here the absorption coefficient specified in 
the optical manner which is occasionally used in work at very high 
frequencies and has yet another condition of maximum. 
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When the measurements do not include a maximum, it is possible 
to extrapolate from the asymptote provided the magnitude of the loss 
at maximum is known. This can be calculated from 

€ — ^o) 

or from the dipole moment and concentration of a solute in dilute solu- 
tion. We have on the low frequency, high temperature, side : 

L . 

20) ‘ + 2 ‘ c'max. ’ 

on the high frequency, low temperature, side : 

7. -r= — ^0 ^ ^ max. 

O) 2 

When 4^^‘d instead of c" in these expressions, they must be 

multiplied by 

y 


To Derive r and its Temperature Coefficient from Dielectric 
Constant Measurements. 


e' reaches its mean value J(€o+ cj) under the conditions in which 
c" is maximum. At this point of inflection the slope is 


dc' 

dT 




dl 




to the same degree of approximation as before. The correction to be 
added to this when the orientation polarisation varies with temperature 
according to the Debye theory is 


_ <1 — <0 (^1 -f 2 ) 

2T [eo + 2) 

which is negligible when In r is as large as it is in caises discussed in 
this paper. 


Analysis of the Reaction Velocity Equation. 

Having obtained by one of the above methods a value of r 
d 

and of jy. In r at a temperature T, we can evaluate the constants of the 
Arrhenius equation for reaction velocity 

I = /{ = 

T 

Thus the a used in the previous section is identical w’ith AfR. It is 

convenient to evaluate AjRT ~ ^ ^ '**) 

value found for C now^ requires special consideration. 

In the simplest case a value between 10 ^* and 10^* is expected. 
A larger value implies activation in many degrees of freedom. 
Hinshelwood • gives an equation which may be brought into the form 

^ ^ e-<^f^^fHAIRT+fy 

• C. N. Hmsheiwood^ KimHcs of Chemical Change in Gaseous SvsUms, 1933 , 

p. laS. 
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Here Ci is a constant having the normal value and / has 

been written for Hinshelwood’s n is the number of quadratic 

terms in which activation energy is shared, so that / may be loosely 
regarded as one less than the total number of vibrations involved in 
activation. When / is large we can introduce the asymptotic formula 
for factorials : 

so obtaining 

*= -yL^(dlEL±I)' 

' V2nf V / J 


Cl may be conveniently taken 2ls \/ 2 n X lO'* and / can then be ascer- 
tained by trial. 



X, the transmission coefficient, is generally taken as I ; is the par- 
tition function of the activated state omitting the degree of freedom 
normal to the potential barrier and calculated using a zero £0 higher than 
that used for the partition function of the normal state. All degrees 
of freedom which are the same in both states cancel so that in the simplest 
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of all cases in which one vibration is converted to a translation by the 
activation process, 

^ = (I _ 

^ n 

which approximates to i when the frequency of the vibration is high. 
Our frequency factor C thus becomes kT jh ~ 10^®. However, quoting 
from Eyring, as a general phenomenon in reaction rates with an 
abnormally high Eq, there is in general associated an abnormally high 
Fa* IFfi' reason is that the large Eq arises from loosening an ab- 

normally large number of bonds (or from loosening very strong bonds), 
and this automatically means a large value for the ratio Fa* IF^ ” The 
qualitative picture is therefore exactly the same. 


Discussion of Some Experimental Cases. 

(1) Ice. — The graph (Fig. 2) shows Smyth and Hitchcock's results for 
ice,’ logarithmically plotted. This should be compared with the direct 
graph of (loc. 
p. 4642). There are 
two points of de- 
parture from ideal 
behaviour : the 
linear portions of 
the curves on the 
low -temperature 
side are not coinci- 
dent as they should 
be, and the curves 
rise above their 
linear extrapola- 
tions at the lowest 
temperatures. This 
is especially the 
case at the highest 
frequencies. These 
facts would l*e ex- 
plained if there 
were a small 
secondary compo- 
nent of loss reach- 
ing its maximum at 
a slightly higher 
frequency or lower 
temperature than 
the range studied. 

It is true, since 
these deviations 
depend on measure- 
ments of the lower 
losses, that they may be due to experimental error ; but no single source 
of error can produce them and the losses should still be quite large enough 
to measure accurately. 

The slopes of eight linear portions of the curves can be measured. They 
are found to be : 
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Fig. 3. 


-Frequency of maximum loss (conductivity) 
in ice. 


’ C. P. Smyth and C. S. Hitchcock, /. Amer. Ckem. Soc,, 1932, 54» 4631. 
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Ascending branches 

60, 

20, 

3 . I. 

0*5 k.c. 

II 

0 

i 

1 

0 

00 

•040, 

•041, -041, 

•041 

Descending branches 
d , 

I, 

0 - 5 . 

0*3 k.c. 


- J,l0g,.T = 

Mean of all, 

Mean temperature. 

•040, *041, 

•041 

250^ K. 

*044 



Frequency of max. at this temperature = 8*51 x lo*. 


By plotting log vmax.€" against temperature (Fig. 3), we get another 
value of ~^logi,T = *045, corresponding to Tmttok == 253® K., for which 
vjxu^xy' = 1*17 X io>. From these two different results with cj yS and 

Co = 3*0 : 


T 

m&KD, 

- d/d< In T. 

AJRT. 

A, 

i/t. 

j c. 

/. 

250 

*0945 

236 

11,700 cals. 

8-55 X io‘ 

1*45 X io‘* 

2 

253 

•104 

26*2 

13,200 cals. 

Jl8 X io‘ 

2*90 X lo^* 

4 or 5 


Of these, the latter is doubtless more accurate. 

H. Eyring ^ has already suggested applying reaction velocity theory to 
this case. Roughly estimating i/t at o'" C. as 60,000 (10* is nearer), and 
assuming that C would be normal (-•= kT/h), he estimated the activation 
energy as about 10,000 cals., which is not grossly vvTong though it would 
not satisfactorily describe the temperature variation. The same method 
applied to some of the examples below would have given entirely false 
results. 

In the same place Eyring makes a valuable suggestion that the relaxa- 
tion times of the order 10 secs, found in normal solvents should be treated 
in the same way, as reactions with very low activation energies. 

( 2 ) Solid Solutions in Paraffin Wax. — The experimental informa- 
tion for the butyl stearate solution is very limited, so that the conclusions 
from it must not be regarded as finally accurate, but they are of the highest 
importance in comparison with the other paraffin-wax systems (Fig. 4). 
There is a clear break in the curve between 17 and 23°. In spite of the 
fact that the measurements refer to rather small losses, it seems (juite out 
of the question that so large a deviation can be attributeti to experimental 
error. Below this temperature the relaxation is a reaction with a normal 
frequency factor and an activation energy of 6800 calories. Above this 
temperature we have a reaction with nearly three times the activation 
energy and consequently a much larger frequency factor, indicating activa- 
tion in about 60 degrees of freedom. It is a well-known possibility in 
chemical kinetics, when a reaction can proceed by alternative mechanisms, 
for the reaction of higher activation energy to supersede the other above 
a certain temperature at which they have the same velocity. Of coui^. 
the frequency factor must be larger, or the reaction of higher activation 
energy would always be much slower than the other. 

[Note added in proof, ijth October, 1936: Further wwk by Mr. Sillars 
confirms the change of slope shown in Fig. 4 but gives other indications 
which may demand revision of the interpretation given here. It is how- 
ever allowed to stand as a convenient introduction to the case of cetyl 
palmitate,] 

The cetyl alcohol case requires no special discussion. The anomalies 
for power factors less than 2 x lo-* may fairly be ascribed to experimental 
error (Fig. 4). 
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The cetyl palmitate curves require a little care in interpretation 
(Fig. 5). In the first place, the very steep lines above 41® are considered 
to be due to a polymorphic transition of the wax, which does not take 



Fig, 4. — Dielectric loss in paraflSn wax solid solutions, (a) 4*57 per cent. Cetyl 
alcohol — measurements by W. Jackson,* (6), (c) 5-6 per cent. Butyl Stearate, 
two series of measurements by R. W. Sillars (unpublished). 


place at a single temperature because the wax is not a single substance. 
The high apparent activation energy of about 60,000 cals, has, therefore, 
no significance. Jackson, in fact, observed this transition, and was rather 

Solid Solutions in Paraffin Wax. 
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(Figures for all but butyl stearate .are derived from the work of W. Jackson.* Those 
or butyl stearate are from unpublished work by R. W. Sillars with the same apparatus.) 


• W, Jackson, iVoc. Roy, Soc., A, 1935, 150, 197. 
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surprised because he supposed it was without effect upon his dielectric 
loss curves. • This demonstrates the superior informativeness of the logarith - 
mic graph. Below this temperature the curves are still clearly unsym- 



Fig. 5. — Dielectric loss in 4-78 per cent, solid solution of cetyl palmitaie in paraffin 
wax. Measurements by W. Jackson.* 


metrical, most probably owing to a change in the tenlp<^rature coefficient 
of T in the neighbourhcxKl of 23^, similar to the change at about the same 
temperature in the butyl stearate case. In this case it is still an abnormally 

fast reaction below this 
temperature, but a very 
fast one alK>ve it. 

There is an upi)er limit 
to the permissible value of 
/, determined by the number 
of atoms involved in the 
activation, which cannot be 
less than alxjut //j. In a 
gas reaction this limit is 
imposed by the number of 
atoms in the individual 
molecule, and the highest 
value yet found is about 
25 in the decomposition of 
azoisopropane . ' ® The value 
of 140 found for the cetyl 
palmitate solution above 
23® C. cannot well be 
ascrilxjd to activation by 
energy concentrated in one 
molecule, while this be- 
comes impossible in the case of “ piermitol " described below. However, it 

•W. Jackson, Trans, Faraday Soc„ 1935, 31, 169. 

C. Ramsperger, see G. B. Kistiakowsky, Cham^ R$v., 1935, I?# ^ 9 • 



Fig. ja. — Frequency of maximum loss in cetyl 
palmitate — paraf&n wax solid solution. 
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becomes quite possible if we bring in four or more nearest neighbours as 
well as the central molecule under consideration ; while there is no a priori 
objection to spreading the activation much further, so that the only limit 
is imposed by the number of atoms in the crystal. 

It appears that it might be profitable to correlate this experimental 
evidence of the existence of activation in a very large number of degrees 
of freedom in these paraffin- wax systems with the theory of co-operative 
effects in molecular rotation in such crystals. Muller’s X-ray 
crystallographic studies ** of the higher normal paraffins show that above 
about 20° C. the crystal shows a ^adual change of form, with all the marks 
of a co-operative phenomenon. The change in, say, Ct8H4s may be readily 
interpreted as due to rotational oscillation of the hydrocarbon chains about 
their axes : this makes the chain behave as if it had more nearly cylindrical 
symmetry and the crystal structure approach more nearly the hexagonal 
form : this in turn permits freer rotation and the change builds up rapidly, 
the 5-axis ceasing to expand and starting to contract. becomes 



Fig. 6. — Dielectric loss in chlorinatc'd diphenyl Permitol "). Mejisurementa 

by W. Jackson.'^ 


hexagonal at 45® C., and melts at 46® C. In the higher members, the 
co-operative effect is so strong as to produce an abrupt transition at a 
certain stage. It is remarkable that these co-operative effects appear at 
about 20®, which is also the temperature in the neighbourhood of which 
the rotation of ester molecules in the waxes changes its mechanism to a 
process governed by activation in many degrees of freedom. 

(3) “ Perinitol.” — This synthetic dielectric material, chemically a 
mixture of isomers of tetrachlorodiphenyl, is of special interest because it 
is in the physical condition of a glass just above its softening range. It 
pours slowly at room temperature, and can be cracked and chipped if 


L. Pauling, Vhysic. Rev.y i<)30. 36, 430. 

R. H. Fowler, Proc, Roy. Soc., A, 1935, 149, i. 

‘•W. L. Bragg and E. J. Williams, tbid., 1934. 145, 699 (for the simpler 
theory of co-operative phenomena m another connection). 

** A. Muller, ibih,, 1932, 138, 514. 

** W. Jackson, ibid., 1935, 153, 158. 
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cooled in ice and salt. Actual viscosity measurements are given in the 
otigmal paper.^* Since we have here dielectric-loss measurements covering 
a very wide range (Fig. 6), the opportunity has been taken to test all the 

various methods outlined above for deriving ^ Ironi experimental data, 

with the following results (Fig. 7) : 

(a) The change with frequency of the temperature of maximum loss 
gives, as expected, higher values than any other method. These values 
are taken as the best. 


Tefnfjurc/un Cx 


{b) The asymptotes of the descending branches of the logarithmic ^aph 

give also quite good and consistent 

^ results. Their uniform lowness 

compared with the results of (a) 
r ^ should be regarded rather as an 

underestimate by 5® of the mean 
I temperature to which the slopes 
. ^ ^ \ i correspond ; a natural error arising 

♦ . ^ \ ! from the regular decrease of slope 

, o i with rising temperature which 

I makes the curves appear to reach 

, -• their asymptotes too soon. 

! (c) The slopes of descending 

Tefnfjurc/uniA branches at half-height measured 

Y* — — 'to - — original graphs are in agree- 

— ment with (b), but show wider 

I scatter. 

/ i (d) All results referring to 
^ I ascending branches of the curves 

^ I are low. This might be due to 

' I inhomogeneity, in particular to 

I the presence of a small percen- 

! tage of dipoles of rather higher 

p I mobility than the rest, which 

X ! cannot be unexpected in such a 

j mixture as this. 

T'jiramr calculated from 

0 * fo^ ZO* 30 * ^40^ widths at half-height are inter- 

jy — y-y * — jj mediate between those of (b) and 

' tooo/'f (c) on the one hand, and (d) on 

, ^ the other, as is to be expected. 

. ya.^Temperature variation of the results of (a) onlv are used 

temperature coefficient of r in chlorin- . / results 01 (aj ouiy are u^ 

ated diphenyl, vario-Jy determined. Arming the velocity ^uabons. 
. ..V ^ ^ ^ IS seen to be rather large 

(d) X asymptotes, -slopes;’ (e) +! throughout the range, rising ^ 
if) %, a directly measured tempera- temperature falls but appearing to 
ture coefficient of viscosity. become stationary below 10® C. 

, 76. — Temperature variation of fre- ^ also anomalouslyhigh through- 
quency of maximum lo.ss in chlorin- out the range, varying in sympathy 
ated diphenyl. with A, and correspondingly / ap- 


Temfjircrure X j 
^ p* /o" so* 40" I 

yy^ 26 * 

tOOO/Y 

Fig.* 7a. — Temperature variation of the 
temperature coefficient of r in chlorin- 
ated diphenyl, variously determined, 

(«) ; W ® ; (c) 0; 

(d) X asymptotes, • slopes ; (<?) -f ; 
(/) •» a directly measured tempera- 
ture coefficient of viscosity. 

Fig, 76. — Temperature variation of fre- 
quency of maximum lo.ss in chlorin- 
ated diphenyl. 


proximately doubles in value as 
the material is cooled. However, since / is varying, these quantities (A, C 
and /) will all be underestimated above 15® C. ; but if, as it appears, / is 
stationary below this temperature, the results in the first three rows should 
be approximately correct. The rest must only be taken in qualitative 
significance. Subject to this limitation, they are what may reasonably be 
expected in a substance on the point of setting to a glass. As temperature 
falls, the number of bonds which must be loosened, and the increment of 
energy required to do so, to make a molecule free to turn about, steadily 
increases. 
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^ In i* 30 vwhen €j - 4*S, Cq - j-S. 

The close parallelism between r and viscosity in this material .is a con- 
firmation of the close connection between the ultimate mechanisms of 
both, which is obviously seen to be required when any of the theoretical 
treatments of viscosity mentioned above is examined in comparison with 
the present treatment of dielectric relaxation. It is to be noticed that the 
temperature coefficient of t and ly in " Permitol and of t in the paraffin- 
wax solid solutions is enormously greater than the temperature coefficient 
of viscosity in most liquids : the temjierature coefficient of r} for molten 
paraffin wax is about 0*007 corresponding to an activation energy of i*6 k. 
cals. 

Kassel has shown that anomalously high apparent activation energies 
can result when the reaction proceeds through several reversible stages in 
cascade before the final effective step. This must, therefore, be admitted 
as alternative to the assumption of activation in many degrees of freedom : 
but the latter is nevertheless preferred at present as more readily accounted 
for in the physical nature of the system. 

Summary. 

The theory of unimolecular chemical reaction velocities is applied to 
the process of change of orientation of a polar molecule in a material 
showing dielectric loss and dispersion. The requisite analysis of experi- 
mental data is explained. Experimental results for three different types 
t>f physical system are considered : 

(1) Ice, 

(2) Solid solutions of polar substances in paraffin wax, 

(3) A polar organic gl^ at the top of its softening range ( “ permitol "). 
(i), and apparently cases in (2) at low temperature, present fairly normal 
unimolecular reactions ; the rest present ver}'^ fast reactions, as though 
activation involved many degrees of freedom. This is thought to be 
consistent with their physical nature. 

Acknowledgment is due to the Department of Scientific and Industrial 
Research for a grant, to the author’s laboratory^ collaborators for experi- 
mental figures placed at his disposal, and to Mr, C. N. Hinshelwood for 
a discussion. 

Engineering Laboratory^ 

Oxford, 


L. S, Kassel, /, A»icf. C/tem, Soc.» 19^9* 1x56. 



ON THE MOVING BOUNDARY METHOD OF 
MEASURING CATAPHORESIS. 


Bv J. J. Bikerman. 

Received 1 st October^ * 93 ^- 

The observed velocity of the moving boundary between a sol and a 
supernatant liquid depends on the nature of this li(]uid. Attempts to 
eliminate its influence or find out which supernatant licjuid gives the 
correct value, i.e,^ the mobility of the sol particles within the sol, have 
not given a satisfactory result.^ 

If, however, we use as supernatant licjuid for a given sol another 
sol which is practically identical with it but of a different colour (or 
refractive index), the rale of movement will obviously correspond closely 
with the particle mobility within the homogeneous sol.* We know, 
for instance, that gold sol particles covered with gelatin move with the 
same velocity as gelatin particles alone ; * obscr\'ation of the boundary 
between a pure gelatin solution and a solution of gelatin infected with 
gold would, therefore, give the correct mobility,! 

One would not expect, however, that the boundary between two 
gelatin solutions would move at a rate appreciably different from that 
of the boundary between a gelatin-in-buffer-solution and the unmixed 
buffer solution, because small amounts of gelatin change the electrical 
conductivity and other relevant properties of the relatively concen- 
trated buffer solution hardly appreciably. The largest differences be- 
tween the mobilities measured in the old and in the new way should 
occur when ver\' many highly charged particle.s are suspended in a 
solution containing but few ions. An arsenic trisulphide sol would be 
a perfect example of such a sol if the common formation equation 
AS2O3 -f 3H2S AS2S3 + 3H2O were complete, but, even after taking 
in account the forming of oxidation products of and so on, 
seemed to be suitable. As indicator HgS was used. 

1 observed, accordingly, the moving boundary between a mixetl 
.\SjS, — HgS sol and an As,S, sol. The constant sharpness of the boundary 
and the concordant mobilities of direct and reverse movements showed 
the practicability of the method. To prove that the visible mobility 
was identical with the mobility of As^S, particles the transport of the 
sol was measured in the .same apparatus both by the Hittorf and by the 

* J. N. Mukherjee, Proc. Roy. Soc., A, 1923. 103, 102 ; J. Bikerman, 
phy^ik. Chem., 1925. 1 15, 201 ; Roll, Z., 1927, 4a, 293: W. Hacker, KoU, Zy, 
1933, 62, 37; KoUoid-Bcihefte, 1935. 41, 147: D. C. Henry and J. Brittain. 
Trans. Faraday Sor., 1933, 29, 798 ; S. Komagata, Res. Electrotechn. Labor. 
Tokyo, I933 » No. 348, 

* Thia device is reminiscent of the measurement of self-diffusion with radio- 
active indicators. 

* VV. Reinders and W. M. Bendien, Rec, trav. chim, Pays-Bas, 1928, 47* 977 » 
E. B. R. Prideanx and F. O. Howitt, Proc. Roy. Soc., A, 192^, 126, 12O. 

t Such experiments (with gelatin-kieselguhr against gelatin) were pubhsned 
by A. L. Roberts and J. C. Carruthers, /. Physic Chem., 193^, 40, 703» More 
my work was accomplished. 
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moving boundary method ; the results were consistent. We may, 
therefore, conclude that the boundary moves at the same rate as AsjS^ 
particles in an almost homogeneous sol. 

The new method is obviously inapplicable when the mobility of an 
old sol is to be determined. This mobility, however, will generally be 
a purely fortuitous magnitude. If reliable figures for the mobility of a 
sol are required in order to compare them with other properties of the 
sol, the “ supernatant liquid " may be prepared together with the sol 
and the new' method may lx? applied. 


fr 




TT u 


B:" iJ 

V: 


Apparatus. 

The apparatus chietly used in present experiments was a modification 
of the “ sheared boundary " apparatus of Macinnes.® As in Macinnes’ 
pattern, the resistance glass tubes A and B were fitted into the discs a 
and h. The disc a could l>e turned so as to make A a prolongation of 
B and to form a boundary in their separation surface. The section of 
the tulx?s was 0-20.: cm.-. A new kind of electrode vessel had to be 
adopted since colloid solutions are ^ 

more sensitive to traces of electrf>- 
lytes (electrolysis products or salts 
of an unpolari sable electrode) than 
ionic solutions. When, for instance, 
a Zn/ZnClj (‘Icctrode was used, 
much As, S3 coagulated in contact 
with ZnCl, solution and the result- 
ing streaming of the liquid carried 
.some zinc 10ns outside the electrode 
cell.* 

Satisfactory results were ob- 
tained with electnKlc vessels shown 
in Fig. 1. C is a copper wire in a 
copper chloride solution, G is a 3-3 
}X'r cent, gelatin gel containing 
o ooi .V XH4CI, the tubes T (0-38 
cm. diameter) and U prevented the* 
mixing of the. eIectrol>'^is products 
witli the sols in A and B, The 
nlling of A ami H was facilitated by 
using rubber stoppers and the taps t, 

A.s no special suspension of the a{>- 
paratus * w^as employed the Ixiund- 



Fig. I. — (U is intended to refer to the 
small tube inside the electrode cell.) 


ary was only sharp w'hen the density difference between both layers was 
considerable. 

The " sheared Ixjundary ” arrangement presents tw*o inconveniences : 
the impossibility of observing the Ixuindary from the first moment of 
Its formation and the difficulty of keeping clean the lubricated ends of 
the tubes and the holes in the discs. The method possesses, however, 
two important advantages : (a) the Ixmndary is formed with but small 


* A. Macinnes and L. G. Longsworth, Chem. Reviews, J 93 - 2 . U* 171- 

• With such electrode.s 1 sometimes observed the uprising of the lower liquid 
in chimney shaped " regions as described by Macinnes, Cowperthwaite and 
Huang, /, Amer, Chem. Soc., 1927. 49, 1710. Macinnes explained the phenom- 
enon as due to a preferential warming by the current of the lower solution, wrhich 
in his experiments was of lower conductivity. The explanation is not api^cable 
to my observations, as the “chimneys** apjx^ared only when the boundary rose* 
^d did not appear at reversal of the current although the asymmetrical heating 
does not depend on the current direction. 

D. A. Macinnes. I. A. Cow'perthwaite and T. C. Huang. /. Amer. Chem. 
Soc., 1927. 49, 1710. 
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disturbance, (6) if it is not sharp enough we can let out a drop each from 
tubes A and B and establish a new boundary without rejecting the whole 
solutions. 

In the transference experiments the tubes T were composed of two 
pieces ground together ; the outer piece contained copi>er solution and 
gelatin gel, the inner piece was filled with the " supernatant sol. After 
the experiment both pieces \vere separated and the contents of the inner 
piece added to the sol in A. The sol, then, was precipitated with HCl 
and AsjSa weighed. The most important error in the analysis originates 
in the difficulty of removing the As,Sj, precipitate from the gelatin surface 
without picking up some gelatin. 

Solutions. 

The connection betweeji the HgS and the As^Sg in the lower sol had 
to be made as intimate as j)ossible ; the conductivity of the mixed sol 
had to be nearly equal to the conductivity of the upper sol, 

A saturated solution of yellow HgO in boiling water * was cooled and 
precipitated with hydrogen sulphide. To this sol a solution of A.s.O^ \va'> 
added and HjS cemducted through the mixture ; it was expected that 
HgS particles would function as nuclei for As^S^. \ part of the HgS 
formed, however, distinct grains which .sedimented within somti days or 
weeks. The remainder was stable hut partly consisting of larger particle- 
than the As^Sj .sol. 

By adding an arsenic trioxide solution to water which had been boiled 
for the same time as the HgO .solution in an identical flask and saturated 
with HgS, and treating the sol thus formed in exactly the same maniu r 
as the HgS-AsgSa mixture, we get sols whose conductivity sometime-* 
ctiincides with the conductivity of the mixture, hut may differ, too. bv 
some 30 per cent. If a subnatant liquid for a given As,S;, sol is n - 
quired, there is no difficulty, however, in obtaining it by mixing together 
tw'o preparations of the mixture MgS-AstS# made at the same time as 
the preparation of the AsjS, .sol, or by mixing a HgS* As-^S^ .sol with the 
Ab.jS, sol. Since the conductivity of ASjS, solutions is not constant the 
subnatant Ifijuid is adjusted shortly before the expenment. 

In the experiments 4, 5, and 6 of Talde I. the conductivities were 
ecpialized by adding slightly different amounts of NH4CT * in an extreme 
case 0 00105 niol./l. NH4Ci to the lower sol and 0 00 r 00 mol. 1 to the 
upper sol. It is generally known that such differences do not a fleet the 
mobility appreciably. 

The arsenic trisulphide sols contained more than 8 gms. As, S3 ]»er 
liter, while the concentration of HgS was less than 0*2 gms, jkt liter. 
The difference betw-ecn the densities of the two layers would, theref*>io, 
be too small if the As,S, concentration were exactly the same. I'lie 
lower solutions w^ere, accordingly, prepared with a surplus of alx:»ut 5 per 
cent. AsjSj, or with the addition of some sugar. The mobility of coIIokI 
particles is not affected by such small differences in the .sol concentration. 
That even 1*5 per cent, sugar denrs not change the toundary movement 
has been proved by experiment. 

Measurements. 

The potential gradient employed was between 1 and 2 volts per cm. 

The temperature in Section I. was and, in Section IT, 

17*2^-19-7°, 

In the measurements of Section II. both rising and falling Ixiundaries 
w'ere observed ; in Section I. only rising ones. The readings were made 
with the naked eye, 

♦ The solubility is (according to K. Schick, 2. physift. Chem., i^yoz, 43» 17 *) 
0-41 gm./l. Two of my solutions contained 0*42 and 0-38 gm./l. 
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The mobility in unit field was calculated by the equation 


V 


IqK 


It 


where I is the displacement of the boundary in t sec., i the current strength, 
q the section of the tube A, and k the conductivity of the ^ols. Of these 
quantities, /, q and i can be measured with a far higher precision than 
/ and K. The gross dis- 
placement I was from 2 to 
3 cm. ; as the error of 
reading cannot be reduced 
to less than 0*04 cm. the 
relative error of I is at least 
J to 2 per cent. The rela- 
tive error of k is even larger 
when sols without added 
salt are investigated. To 
prove that the solutions re- 
main unchanged during an 
experiment I determined 
their conductivity in a small 
conductivity cell lx)th before 
and after the cataphoresis. 

After the cataphoresis the contents of tubes A and B. excluding those of 
I ‘ and T, were u.sed. In sols with about o*ot .V NH4CI the difference did 
nut exceed 0-5 per cent. ; with pure sols, however, the recovered frac- 
tions conducted considerably better than the original preparations. When 
thv difterence exceeded 5 per cent, the results were rejected. I did not 
attempt to reach a higher precision as my task was to improve, not the 

pre’eision of the 
moving boundary 
method, but its re- 
liability. 


Results. 

Si cl ion I . — In 
Table I. the analyti- 
cally measured trans- 
port ( J\) is compared 
with that calculated 
from the boundary' 
displacement {T^i. 
I'he sols containeti 
about 0-001 mol. /I. 
NH4CI, the concen- 
tration of the AsjSj 
sol was 7-t)6-8-3 2 
gm./l., of the 
HgS-AsjSj mixture 
8-60-9*20 gm./l. u ^ 
is the velocity of the 
rising boundary* in a 
unit field. 

Scciian IL — I compared, at different NH^Cl concentrations, the mo\*e- , 
ment of the boundaries ASgSa 4- NH4CI aq. against HCl -f NH*Cl aq 
and HgS -f As^Sa r NH4CI aq. against HCl - NH4CI aq. (Table IIO. 
The concentration of NH4CI in the sols and in the supernatant liquid w*as 
the same, while to the supernatant liquid as much HCl w'as added as was 


TABLE II. 


NH 4 C 1 

mol I / io~^. i 

K 

ohm-' r.m \ lo-*. 

! 

H 

cm. sec. 

1 

« Y 

IO-* jjcr volt cm 

( 1 ) A 64 S, 

4 f NH 4 CI/HCI 

r NH 4 CI, 


0 1 

J-54 

] 7-25 


o-c )6 

3*^‘^ 

i 470 

; 

3-«5 ' 

' 7*43 

1 4-JO 

4-5.5 

<)- 6 j ! 

M-o 

4-03 

4'«.^ 

(2) HgS + Ab,S, -t NH.Cl'HCI ^ 

NH 4 CL 

0 

: i*31 

i 5*97 

! 3‘^>5 

C‘9(> 

31* 

, 5'33 

479 

3’«5 

7Mi 

, 4*35 

; 4-57 

9-62 

13*5 

* 3*5- 

; 3*(H» 

(3) HgS + As.S, + NH,Cl/As,S, 

r NH 4 CL 

0 j 

1 2 -08 

{ 

t 6*46 

o-yo i 

1 3‘-!i 

1 3 70 

‘ 3-6? 


0-90 

J 3*40 

j 3-3-J 

9-62 

13-6 

3-34 

1 .r- 


TABLE L 


Experiment. 

j 

1 

1 grams. 

1 

i grams. 

1 

M t 

cm. /sec. X lo-* 
per volt/ cm. 

] 

I ' 

0*0100 

00086 

4-18 

3 

4 

0-0083 

0*0082 

1 0*0092 

1 0*0086 

! 349 

1 3**25 

5 

0*0100 

] 00091 

3*09 

(> 

5 0'0oc>5 

1 0-0092 

3 * 3 « 

A\'erage . 

1 0*0092 

j 

: 0*0089 

! 

i 

t 
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required to make its conductivity equal to the conductivity of the sol f 
NH4CI. The rising boundary was mostly sharp, the falling boundary 
(its velocity being denoted by u i ) diffuse, especially in the experiments 
without, or with only a little, NH4CI ; the figures for u j reported in 
the tables refer to the “ boundary between the clear supernatant liquid 
and the transition layer ; the boundary " between the transition layer 
and the apparently unchanged sol usually moved faster. 

Table II. (3) contains results obtained by the new method. The 
superiority of the “ two sols boundary " is obvious. The figures for 
M f and u i are more consistent than in (i) and (2) so long as the 
NH4CI content is small. With much NH4CI the conductivity of the s<>l 
particles plays but a subordinate r61e and the difference l>etween tt f 
and « i becomes accidental and small in all cases. 

Henry and Brittain ^ derived from the Kohlrausch- Weber theory* 
that ti ^ > u ^ and u 4 ?> w, when u denotes the true mobility, anti 
both u f and u j are determined with an ionic supernatant liquid the 
ions of which liquid move faster than the colloid particles. This con- 
clusion, made for true mobilities, holds ff)r most of the mobilities of 
Table II. (3). 

Summary. 

Exj>erimental investigations have Ix^en made of an improved method 
of measuring cataphoresis based on the observing the movement of a 
boundary between two almost identical sols of different colours. 

I am indebted to Mr. I). C. Henry for hospitality and help and to tlie 
Professional Committee for (ierman Jewish Refugees for a maintenam e 
grant. 

The Thomas Graham Colloid Research Laboratory^ 

University of Manchester. 


REVIEWS OF BOOKS. 

Atomtheorie. By H.^AS. Berlin : Walter de Gruyter A: ('o. I*p. 
viii and 292, Price R.M. 8.50 and R.M. jo. 

This work is Ux) well known to need detailed description. In this, 
the third, and very .auch enlarged edition, the author makes a gallant 
effort to keep his readers informed of the latest developments in th<* 
breathless story of atomic physics. The seven sections of the Ixjok deal 
with, Elektronen, A tome itnd Lichtquanten ; die Grundlagen der AUno- 
niechanik ; die Spektren der A tome ; die ROntgemtrahlen ; die Atomkernc ; 
die Molekeln ; die Weehselwirkung zivischen Lxcht u. Materic. 

The treatment is throughout strictly elementary, and marked with 
those qualities of precision, clarity and distinction which are asscKiated with 
the name of the author. 

It may be remembered that a generation ago, an effort was made to 
present the Spencerian philosophy in compre.ssed form by applying a foot- 
rule to Spencer's voluminous pages, and compressing the contents of each 
page to one-tenth of its original value. 

Professor Haas’s book is presented in seven chapters and sixty-six 
subsections. Not the least interesting feature of the book is an appendix 
of some sixteen pages, in which, in sixty-.six paragraphs, corresponding 
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paragraph by paragraph with the sections of the full text, is given a com- 
plete and most helpful conspectus of the contents of the volume. Although 
this may be putting a premium on idleness, as doing for the student u hat 
he ought to do for himself, there is no denying the usefulness of such an 
appendix. 

The simplicity and clarity of the exposition are a measure of the care 
and thought which has gone to the writing of a volume which may be 
unreservedly recommended to the university student. 

A. F. 

Annual Report* on the Progress of Chemistry, Vol. XXXfl for 1035. 
(London : The Chemical Society. Pp. xiii and 527. Price 7s, 6d. net.) 

The amount of material reported this year which bears directly on work 
with which the Faraday ScKiety is concerned is greater than ever. Special 
mention may be made of the following repf^rts : Radioactivity and sub- 
atomic phenomena (H. J. J. Braddick), Isotopes (S. Glasstone), Spectro- 
scopy (G. B, B. M. Sutherland), Determination of thermodynamic constant> 
(Glasstone), Chemical Kinetics (E.A. Moelwyn- Hughes), Surface chemistn' 
(E. B. Maxted), Physical basis of optical rotatory power (G. B. AlLsop), 
Dipole moment. > and valency angles (Glasstone), Non-ferrous alloy systems 
(E. S. Hedges), Cry'stal physics and crystal chemistry (J. D. Bernal), Pro- 
perties of real crystals (Bernal), Molecular cr\^stals (D. M. Crowfoot). 
Polymerisation (E. H. Farmer). 

These reports, however, by no means exhaust the interest of the ph>*sical 
chemist. Moreover, the volume provides the usual admirable survey of 
work in tho.se allied branches of the science into which the influence of the 
physical chemist and of the chemical physicist is more and more penetrating. 

Die Umwandlunf^en der chemlschen Elemente. By Arthur H.a.vs 
(W alter de Gruyter and Co. iiS pages and 31 figures. 

This little lKK)k gives a vivid account of recent work on the new subject 
of nuclear physics and chemistry’. It commences with a survey of the 
properties of radiation and of stable atomic species which is followed by 
a discussion ol the methods used to disintegrate nuclei. The results of 
disintegration experiments are then considered and final chapter is de- 
voted to artificial radioactivity. 

The subject is treated descriptively and without mathematics but 
numerous diagrams and photographs add greatly to the value of the book. 
No leis than nineteen photographs of cloud chamber tracks arc provided 
and give striking demon.strations of such phenomena as the production of 
positrons, the disintegration t>f lithium by protons and deuterons and many 
other atomic <lisruptions. 

S. S. 

AU^emeinc Photochemie. By J. Plotnikow. Second Edition, re- 
vised and enlarged. 909 pp., with 21S Figures. (Walter de Gru^^ter 
& Co., Berlin and Leipzig, 1936. I^ice RM 28.50 ; bound RM 30.) 

This edition bears practicallv no relation to the first (1910) although 
it contains a description of most of the early work in Photochemistry'. 
The author has described a large amount of work other than his own, but 
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has included very few of the modern theories. The l:)ook is most compre- 
hensive, particularly in the field of applied photochemistry', and contains 
a large number of references not given in other text-books on this subject ; 
several of these were found, however, to be incorrectly given. The author 
concludes his book by a list of his 215 contributions to the scientific 
literature. 

c, F. (;. 

Kolloldik. By A. von Buzagh. (Dresden, Theodor Steinkopff. Pp. 
xii -t- 323. Price RM. 15.) 

The subtitle of this work descril)es it as " An Introduction to the 
Problems of Modern Colloid Science,’* while the title itself is stated to be a 
tenn coined by' Professor Spiro to cover lx)th colloid chemistry and colloid 
phvsics. The conservative reader will probably' consider it unnecessary 
and will have the same feeling about a good deal of the exulxyrant nomen- 
clature applied to a numtKfr of stereometric objects and relations. 

They occur in the first chapters, devoted to the definition and cla.ssiftca- 
tion of disperse and ” difform ” systems, the fundamental characteristic of 
which is periodic discontinuities in one or more properties. After discussing 
them, the author proceeds to give what he calls " the most general definition 
of the colloidal state ” as follows : “ Colloidal discontinuities are such spatial 
discontinuous alterations of projx'rties as are coupled with continuities of 
the order of magnitude between the wave-length of light (500 m/i) and the 
average molecular siz(? (i m^). Sy'stems with this structure are descrilxd 
as colloidal sy'stems. Modern ** kolloidik ” is the science -the phy'sics 
and chemistry- of * colloidal discontinuities.’ ” He supports this definition 
bv showing that a number of ” dispersity' functions,’’ i.e. formula* for 
certain properties containing the particle radii as indcpt*ndent variable* 
pass through maxima or minima, or show a greatly increased rate of change, 
when the radius falls within the colloidal range. Whether the validitv of 
general laws in the colloidal range is really a reason for what the author 
calls ” The autonomous way of regarding colloids ” seems doubtful on 
ety'm^ logical grounds, apart from other objections to these political meta- 
phors. In try’ing to prove here and elsewhere that colloid science is to Ik* 
con.sidered a separate discipline the author is flogging a dead horse ; the 
cn(jmious l)ulk of material makes such a course inevitable for practical 
reasons. 

What has l>een said alxive covers the contents of the first four chapters 
The fifth, entitled " The morphology of disperse and difform systems ” 
IS for the greater part still concerned with the formulation and classification 
of largely ideal configurations. The contents of the remaining chapter.'i 
are : \T, Aggregates (T^imary) ; VH. Aggregates (Secondary) : XTII. 
Phenomena at interfaces (Adsorption) ; IX, Phenomena at Interfaces 
(Electrical Properties of disperse systems) ; X, Changes of State of Colloids 
(Genesi.*? of colloidal solutions) ; XI, Changes of State (The Destruction ui 
Colloidal Solutions) ; XII, (Internal Changes of State in Colloids). 

The last five chapters, which contain substantially' what the reader 
expects to find in a text-b(X)k of colloid science, cover 120 pages, or some- 
what less than half the text. 'I'he author thoroughout insists on the differ- 
ence between physical boundary' zones and geometrical interfaces, which 
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leads him to reject the ** chemical " theories of adsorption and of the 
<ilectric charge on particles. Such criticisms are always expressed with 
fairness and urbanity. Perhaps the author's avowed intention to write 
^something more than a text-book accounts for the disproportion between 
the space devoted to this section and that of 77 pages covered by the two 
•chapters on Aggregates." which attempt to give a general survey of the 
structure of matter. 

It is this tendency, apparent throughout the work, of beginning very 
much at the beginning, which makes one feel somewhat uncertain as to the 
class of readers for whom the book is intended. It is hardly suitable for 
those approaching the subject for the first time, but will be of interest to 
those possessing a reasonable knowledge of it as the first complete and 
consistent statement of the views of the Leipzig school of colloid science- 
Since this is at present the only school left in Ciermany, this interest may 
well become an historical one in the future. 

E. H. 

Physical Aspects of Organic Chemistry. By W. A. Waters, M.A., 
Ph.D. George Routledge and Sons, Ltd. Pp. xv + 501. 25s. net. 

This valuable book deals with the developments in organic chemistry 
which have arisen from modern theories of valency and electronic theories 
of organic reactions. The main theme is the existence of two types of 
chemical bond, polar and non-polar, and the classification of reactions into 
two corresponding groups which involve ions and free radicals respec- 
tively. A wdde range of chemical theories is surveyed, usually from the 
historical standpoint and the treatment is vivid and interesting. The 
chapters on hydrolysis, on molecular rearrangements, and on aromatic 
reactions are particularly valuable and give a w'ell-arranged and fully 
documented introduction to modern work on these subjects. 

The book was originally planned in collaboration with Professor T. M. 
Lowry who contributes an introduction. The views of the Cambridge 
School naturally receive special attention but are not unduly emphasised, 
a.nd the author is to be congratulated on a well-balanced account of modem 
theories of organic cheInist^^^ 

S. S. 

A Text-book of Organic Chemistry (Schmidt). Third English Edition. 
By H. Gordo.n Rule. Ix>iidon : Gurney Jackson, 1936. Pp- xxiv 
and 865. Price 25s. net. 

The previous editions were reviewtHl in these Transactions ( 22 , io8, and 
28 , 662). There has been no intervening German edition, so that the 
judicious and critical additions (and no less careful deletions to ensure, 
nevertheless, an increase of only 12 pages in size) are due entirely to Dr. 
Rule. The text has been carefully revised and the constant references to 
work betw'een 1932 and 1935 provide sufficient evidence that here is a text- 
book which definitely does not warrant the oft-heard criticism that new* 
work does not find its way into text-books for at least ten years. 

It is perhaps from the introductor>' 98 pages that the physical chemist 
will judge the volume ; recent work, for instance, on stereochembtry and 
■dipole moments is adequately summarised, I*ater sections deal with other 
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matters which have recently exercised this Society, e,g., the molecular 
structure of starch and the constitution of cellulose. There is a new section 
devoted to vitamins and hormones. 

The production is excellent ; the judicious use of clarendon type in the 
text, in particular, enables speedy reference from index to text. 

The Thermochemistry of the Chemical Substances. F. R. Bichoa^ky 
and F. D. Rossini. (Reinhold PiibllshinR Corp. N.Y., I93^- 35s ) 

(Chapman and Hall, Ltd., London.) 

This book contains self-consistent “ best values of the heats of forma- 
tion of all chemical substances which have been measured, except organic 
compounds having more than two carbon atoms. The list includes heat 
values from spectroscopic data for excited states and unstable molecules, 
but no values for deuterium compounds appear. It is a recalculation and 
extension of the data presented in the International Critical Tables, and 
as a book of reference is a necessity for a scientific library. The authors 
have arranged the tables in a very precise and simple form, and in a separate 
section give a brief critical survey of the experimental work relating to 
each substance. It is no fault of the bcK>k, but a reflection on the trend 
of experimental .science, that a vast number of the results are derived from 
the work of Thomsen and Berthelot now fifty or so years old. To quote the 
preface : The authors have been reluctant not to use the almost uni- 
versally accepted standard temperature of 25® C. for thermodynamic 
calculations ; but the selection of 18*^ as the standard temperature is 
practically necessary in this case because all of the monumental work of 
Julius Thomsen and of Marcellin Berthelot was done at or near i8\ and 
there are not now available sufficient heat capacity data with which to 
make accurate conversion to 25''.** The following typical notes on the 
data of some common substances are significant : " HCN (g). The data 
on the heat of combustion are : Thom.sen (before 1886) 158-5 ; Berthelot 
(1881) 159-3. CS,. Thomsen (before 1886) measured the heat of com- 
bustion of gaseous carbon disulphide, and Berthelot (1881, 1893) that of 
the liquid.'’ The references to work on formic acid are dated 1852 and 
1886 for the vapour, and 1873 to 1892 for the liquid. About fifteen year.s 
ago the subject of accurate calorimetry was taken up by a number of con- 
tributors to the Journal of the American Chemical Society, but the elaborate 
machines constructed were not used for any extensive revision of the 
older results, except for the work now being carried out by Rossini on 
organic compounds. 

E, J. B. 


aberdebn: the university press 










THOMAS MARTIN LOWRY, C.B.E., F.R.S. 

(1874 to 1936). 

The Faraday Society mourns the loss of Professor T. Martin Lowry, 
one of its distinguished Past-Presidents. 

This memoir speaks only of his work for the Faraday Society. He 
watched and guided its progress with a keen personal pride and thus 
helped to contribute much to the sum of human knowledge. This work 
we gratefully record ; others may speak of the work of his laboratory 
which is to be found not only in the pages of these Transactions but in 
many other journals. 

Dr. T. Martin Lowry was a founder-member of the Society and from 
its very early days took an active interest in the organisation of its activities. 
The Society's early records show that he was an auditor in 1905 and 
became a member of Council in 1906. This Council, on the 27th Novem- 
ber, 1906, decided that steps should be taken to bring into the new Society 
more of those who were engaged in pure physical chemistry. As one 
means to this end the Earl of Berkeley was invited to show his experi- 
ments on Osmotic Pressure. From this simple invitation there arose 
a meeting, held on 29th January, 1907, at which papers were read not 
only by Berkeley hut also by Lowry, Dampier-Whetham and Kahlenbcrg 
(of Wisconsin). The papers and the discussion were reported together, 
under the title of a General Discussion on Osmotic Pressure.'* In 
May, 1907, the success of this meeting warranted the organisation of 
another General Discussion '* on the subject of “ Hydration," which 
was organised by Lowry and the secretary (F. S. Spiers), and took place 
in June, 1907, 

Thus Lowry laid the foundations of a policy on which the success 
of this Society has largely been based ; he realised the value of specialised 
discussion of a topic limited in scope but of general interest and, nearly 
30 years ago, appreciated the importance of inviting distinguished overseas 
workers to co-operate. The reputation of these " General Discussions,’* 
organised along the lines laid down in early 1907, grew to such an extent 
that when, after almost continuous service to the Society in one capacity 
or another, Lowry was, in 1928, elected President, he had the privilege 
of welcoming many distinguished workers who had travelled the seven 
^eas to meet together under his Presidency. 

Members of this Society will long remember him, not only for his 
part in the growth of the Society, but also as their host on the many 
occasions when, as Professor of Physical Chemistry, he welcomed thi 
Society to Cambridge. It was fitting that Lowry should have been 
President during the a5th Jubilee year of the Society and that the (50th) 
General Discussion,” that on Free Radicals, should have been bdd 
in his laboratory. 
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DIAMAGNETIC SUSCEPTIBILITY OF THALLIUM 

COMPOUNDS. 

By Violet Corona Gwynne Trew. 

Received 20 th July, 1936. 

Part I. Thallous Compounds 

A study of the literature dealing with the magnetic properties of 
the chemical elements reveals that very little syst<‘Tnatic study h:i.> i)cen 
made of a wide range of compounds of one chemical element. The work 
of Ikenmeyer ^ on the magnetic susceptibilities of the alkali metal halides 
only covers one type of compound. Sugden,* in 1934, investigated a 
range of silver and copper compounds, and Spencer and Hollcns ^ the 
compounds of cadmium, but these represent practically the only sys- 
tematic investigations in this field. 

In the present paper the diamagnetic susceptibilities of some thirty 
thallous salts have been measured, covering a wide range of compounds. 
From the molar susceptibilities of the salts, the gram ionic suscepti- 
bility of the thallous ion has been calculated, and the value compared 
with the theoretical one obtained from Slater’s approximate wave 
functions. Values of the average mean square radius, and the radius 
of the outer orbit of the thallous ion have been deduced from the experi- 
mental data and arc compared with the corresponding values from theo^^^ 

Experimental. 

Preparation of Compounds. 

A good commercial specimen of thallous carbonate (99*95 per cent, 
pure) was used ais starting material and was tested for ferromagnetic 
impurities, e,g., iron, nickel, and cobalt, by B.D.H. spot tests and gave 
negative or negligible results. Lead was also tested for and found absent. 
The compounds measured were prepared and purified by the usual methexis 
from A.R. materials. All acids u.sed w'ere tested and shown to be free 
from iron. In a few cases special methods were necessary to obtain a pure 
specimen. Thallous bromate prepared by addition of bromic acid to 
thallous carbonate resulted in an impure product, which even after re- 
ciystallisation contained an appreciable amount of thallic bromate as 
impurity. A pure specimen was obtained by addition of A.R. potassium 
bromate to pure recrystallised thallous nitrate, thallous bromate being 
precipitated. A pure specimen of the sulphite could not be prepared by 
double decomposition of thallous sulphate and sodium sulphite, but was 
obtained from a solution of the hydroxide, which was first saturated with 
sulphur dioxide to form the bisulphite. By addition of an eciuivalent 
amount of thallous hydroxide solution to this, crystals of the normal 
sulphite were obtained, on careful evaporation. Attempts to prepare 

* Ikenmeyer, Ann. Physik, 1929, 169. * Sugden, J C.S,, 1932, 161. 

• Spencer and Hollens, /.C. 5 ., 1935. 495 - 
1658 



V. C. G. TREW 


1659 


the permanganate by Me3rer's method * proved unsuccessful, oxidation 
of the thallous compound to thallic oxide resulting in every case, even at 
low temperatures. 

Analysis. 

The purity of the compounds prepared was determined by the tests 
for ferromagnetic impurities, and by estimation of the thallium content 
of the compound. Thallium was estimated as chromate, the method 
being previously tested with a pure recrystallised specimen of thallous 
sulphate and was found to give consistent results with an error of less 
than o-T per cent, under the following conditions : To o*3-0‘4 gm. of the 
thallium salt, dissolved in 200 c.c. of water, and made alkaline with a few 
drops of ammonia, 2 gms. of solid A.R. |X)tassium chromate were added 
at the boiling-point. The precipitate was stirred until complete coagula- 
tion resulted, cooled, allowed to stand for 12 hours, and filtered cold 
through a sintered glass crucible. The precipitate was washed with 50 
c.c. of I per cent, potassium chromate solution, and 100-150 c.c. of 50 
per cent, alcohol, which 'Aras found to be the amount necessary in most 
cases to wash free from other ions. The precipitate was then dried at 
120^ and weighed. 

It was found necessary to keep strictly to the above conditions as 
variable results were obtained with more dilute or concentrated solutions, 
or on washing with water alone. Any compound giving a thallium con- 
tent differing by more than 0*2 per cent, from the theoretical value was 
recrystallised. 

Measurement of Susceptibility. 

The mass susceptibility was measured by a modified Gouy method as 
previously de.scribed,* at atmospheric temperature. Six closely agreeing 
measurements, each the mean of three readings, were made on the solid 
salt with fresh packings of substance in each case. The maximum devi- 
ation from the mean value was never greater than 2 per cent, and in most 
cases of the order i per cent. 


Results. 

In Table f. results are tabulated in three groups, in order of increasing 
number of electrons iV, the first consisting of salts of thallium with uni- 
valent negative ions, the second with divalent and tervalent ions; and 
the third of organic salts. The mean experimental magnetic mass sus- 
ceptibility X is recorded in column 3, for each compound, and the molar 
susceptibility, = X x M in column 4. Column 5 gives values of S 
representing the ionic susceptibility of the negative ion which must be 
subtracted from the molar susceptibility to give the ionic susceptibility 
of the thallous ion. This method of determining the ionic susceptibility 
assumes that the salts are polar, and that the molar susceptibility is made 
up of the sum of the ionic susceptibilities. The values of 8 in the first 
two groups are taken from the International Critical Tables VI., p. 349, 
except those marked (a) which are due to Sugden,* and (6) which were 
specially determined, as described below, no values being given in the 
literature. In these latter cases the susceptibility of the corresponding 
potassium salt was measured and the value for the negative ion cal- 
culated from the known value for the potassium ion. The experimental 
results so obtainc d are shown in Table II. The values of 8 for the organic 
s^ts were obtained from PascaFs values for atoms and linkages. In addi- 
tion, the value for the nitrite ion \vas obtained by calculation from the 

* Meyer and Best, Z. anorg, ekem,, 1899, 169. 

• Trew and Watkins, Tram, Faraday Soc., 1933. 13x0. 
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TABLE I. 



Substance. 

N. 

- X. 


d 

(Negative). 

- ^o*XA 
Thallium 
1cm. 

Group I. : 

TIF 

90 

0-201 

44*4 

6-3 

381 

Univalent Anions. 

TICK 

94 

0-212 

49*0 

10-8 

38-2 


TlCl 

98 

0-241 

57-8 

20-1 

37-8 


TICNO 

102 

0-225 

55*5 

1 6-2 

39*3 


TINO, 1 

104 

0-203 

50-8 

13*4 

37*3 


TICKS 1 

no 

0-254 

66*7 

30-0“ 

3<>-7 


TINO, 

112 

0*212 

56-5 

i8-o 

38-5 


TlBr 

1 16 

0-225 

63-9 

30-6 

1 33*3 


TICIO, 

122 

0*228 

(> 5*5 

26-0 

39-5 


TICIO4 

130 

0238 

72-5 

29-6 

42-9 


TII 

134 

0-248 

82-2 

44-6 

37-5 


TlBrO, 

140 

0-229 

75*9 

35-9 ^ 

40*3 

1 

TIIO, 

158 

0-229 

86-8 

■ 47-4 * 

Mean value 

39*4 

38-4 

Group II. : 

T 1 ,S 1 

1 

! 178 

0*202 

88-8 

lyo 

3^*9 

Divalent and Tervaleni 

TIjCO, ' 

' 19-2 

0-217 

101*7 

28-0 

3 f >-9 

Amons. 

Tl,SO, 1 

i 202 

0-203 

99*3 

22*3 

385 


Ti.so, ; 

; 210 

0-223 

112-6 

37*0 " 

37-8 


Tl.CrO. 1 

1 

1 218 

0075 

39-3 

r35-2\ 
t 33*0 1 ^ 

3<>-7 


Tl.lXU 

Thallous 

290 

0205 


35*4 

' i 

300 


alum 

620 

0-416 

53^* * I 

i 45f>-5 - 

; j 

Mean Value 

38-3 

J 37*4 

Group III.: 

Formate 

104 

0-220 

55*0 

16*9 

1 38*1 

Organic Anions. 

Acetate 

1 IW 

0-262 

690 

30-0 « 

390 


Benzoate 

144 

0*349 

113*5 

66*1 

47*4 


Tartrate 

158 

0-304 

107-4 

63*8 

43 -^ 


Oxalate 

206 

0-220 

109-4 

27*9 

40*7 


Malonate 

Citrate 

214 

1 

0-240 

I 22-6 

39*8 

4J-4 


(-hi H, 0 ) 

330 

0-274 

224*8 

i 

92-1 

Mean Value 

44-2 

? 42-1 


nitrate ion, the chromate similarly from the dichromate, and the car- 
bonate by the same method as the organic salts. Column 6, Table I., 
shows XA the resulting atomic susceptibility of the thallous ion. 

Discussion of Results. 

The molar diamagnetic susceptibility of a polar salt in the solid state 
may, in general, be regarded as the sum of the susceptibilities of the 
positive and negative ions. For a mononuclear spherically symmetrical 
atom or ion this is given by Langevin’s equation : — 

where iJ'f* on the classical theory is the mean square radius summed 
for all the electrons in the atom or ion, or on the newer quantum 
mechanical view is the square of the average effective electron density 
distribution. 
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In solid crystals the interionic distances depend on the ionic radii 
and hence the factors which determine such distances in a crystal must 
to a large extent in- 
fluence the suscepti- 
bility. The ionic 
radius, or outer elec- 
tron density distribu- 
tion of an ion is limited 
in a crystal by adjacent 
ions, so that the radii 
of such ions, together 
with the diamagnetic 
susceptibility (to which 
the outer shell of elec- 
trons contributes by far 
the largest amount), 
should be less than 
that of the frt‘e ion, 
or the ion in solution. 

Furthermore, Goldschmidt • has shown that the ionic radius is modified 
by the co-ordination number of the ion (f.e., the number of ions of 
opposite sign surrounding the ion in (fuestion) as also by the nature 
and size of such ions. The interionic distance has been shown to de- 
crease with a diminution of the co-ordination number by an amount 
of the order 3-8 per cent. Similar variations in atomic diamagnetic 
susceptibility would be expected to follow. In particular, since the 
number of ions of opposite sign (and hence the co-ordination number), 
surrounding a given ion i.s less in its salts with divalent ions than 
with univalent ions, the diamagnetic susceptibility might be expected 
to be lower in the former case. The results in Table I. show that for 
the thalious ion the mean ionic susceptibility as determined from the 
salts with divalent and tervalent anions is 37-4 X lO*'*, while the 
value from the salts with univalent anions is —38*4 X I 0 ~®, in exact 
accord with Goldschmidt^s observations on change of ionic radius with 
co-ordination number. Allowing for the fact that the salts investigated 
are not all of the same type, it is striking that this decrease is of the 
same order (about 3 per cent.) as that found by Goldschmidt. 

In the case of the organic salts, it will be noted that while the simple 
salts give a value for the atomic susceptibility^ of the thalious ion in 
agreement with that derived from the salts with univalent anions, the 
salts with larger organic molecules give a very" m\ich higher value. This 
becomes very evident if these salts are rearranged in order of increasing 
number of carbon atoms in the molecule, when it wall be seen that, 
roughly, the value of the ionic susceptibility increases with the number 
of carbon atoms. It should be noted that this increase is not due to 
any bond effects within the anion, as these have been included in cal- 
culating S for the organic anion by Pascal’s method. It appears, there- 
fore, that the increase in size of the negative ions surrounding the thalious 
ion results in an increase in the effective ionic radius and hence of the 
susceptibility of that ion. The organic anion thus appears to have a 
** diluting ** effect on the chaise surrounding the thalious ion, and so 
raises its ionic susceptibility to a value nearer to that of a free ion, 

• Goldschmidt, Trans. Faraday Soc., 1929, 253. 


TABLE II, — Potassium Salts. 


8 K-ion i 8-5 x io“® (I.C.T.). 


Substance. 

- io« X- 

- lo* XM- 

- lo* XA 
Negative Ion. 

KCIO, 

0-361 

44*3 

25*8 

KCIO4 

0*347 1 

48-1 

29-6 

KBrO, 

0-324 j 

54*1 

35*6 

KIO, 

1 0-308 1 

05 '9 

47*4 

KjCrO^ 

' 0-020 

4*0 

+ 33*0 

Potash alum • 

i 0-520 

! ! 

493*5 

456-5 


* This value is taken from unpublished work by 
G. T. Otidie (Sister Mary Cecilia) working in this 
Laboratory. 
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The results in Table 1. have been arranged in order of increasing 
number of electrons within the molecule and it will be seen that there 
is, on the whole, a linear increase of molar susceptibility with increasing 
number of electrons, although certain very marked deviations do occur. 
In particular, the values for the chloride, thiocyanate and iodide are 
considerably higher than the average. Salts with anions of similar 
constitution, e,g.^ nitrate, chlorate, bromate, and iodate, form a defeite 
linear sequence. Ikenmeyer,^ has shown that an approximately linear 
relationship holds for the gram molar susceptibilities of the alkali halides, 
determined from measurements in solution, when the susceptibilities 
are plotted against number of electrons in the molecule. The sus- 
ceptibility can be expressed in the form — where 

is the sum of the atomic numbers of the atoms in the molecule, or total 
number of electrons, is a general constant = 0-803 X lO"* and 
a constant specific for a given series of salts. The molar susceptibilities 
of the thallous compounds in general agree with the same relationship, 
allowing for the much wider difference in types of compounds considered. 
For thallous salts, the average increase in diamagnetism per electron 
is approximately 0*7 X lO"*® (agreeing reasonably well with Ikcnmeyer’s 
value) while rg an average value of — 17 X I 0 “* becoming lower 
by about five units for the chloride, acetate, thiocyanate and iodide, 
and similarly higher for the nitrate series of ions. The relation holds 
for the divalent and univalent anions if one-half and one-third of N 
and xm used respectively. The citrate, benzoate and tartrate are 
again exceptional. These and the other deviations from linearity are 
probably due to the cause already discussed, namely, specific effects 
due to the crystalline form of the compounds investigated. 

Comparison of Theoretical and Experimental Susceptibilities. 

The values of 27r* in the Langevin formula have been evaluated for 
the different electron groups in atoms and ions, by Pauling ’ from quantum 
mechanics, by Hartrce ® using a self-consistent field method of deter- 
mining the radial charge distribution, and by Slater ® from wave 
mechanics using an approximate solution of the wave equation of an 
electron. Brindley has shown that the Slater method gives results 
in best agreement with experimental susceptibilities for most atoms and 
ions, and in particular, for those with the larger values of r to which 
class the thallous ion belongs. Slater’s rules for determining the screen- 
ing constants for the various electrons in an atom or ion have been ap- 
plied to obtain a theoretical value for the susceptibility of the thallous 
ion. Using this method, for any electron 

_ (nOV + ^)(n-+ i) 

(Z-> 

where n' is the effective principal quantum number and Z $ the effec- 
tive nuclear charge for each electron considered, Z being the atomic 
number and s the appropriate screening constant derived for any 
electron by considering the screening effects on it of other electrons 
in the atom, using Slater’s rules. The susceptibility is obtained by 

’ Pauling, Proc. Roy, Soc.^ 1927, 181. 

• Hartree, Proe, Camb, Phil, Soc,, 1928, ixi ; Proc, Roy. Soc., 1933, ^4** 

• Slater, Physic* Rev., 1930, 37. 


Brindley, Phil. M<sg., 1931, 786. 
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summing over all the electrons in the ion. When f* is expressed in 
atomic units (multiples of Oq, the radius of the Bohr orbit in normal 
hydrogen = 0-528 X io~* cm.) then 

Xa X 10* = — 2-83 X 10^® (0-528 X 10-*)* . 

O 790Z. (2-5)* 

The appropriate values for the thallous ion are shown in Table III. 
whence — lO* xa == 79*99 X 0790 = 63*19, the theoretical atomic 
susceptibility of the thallous ion. 

It will be seen that the theoretical and experimental susceptibility 
values are of the same order of magnitude, but the experimental value 
is rather less than two-thirds of the theoretical value. The calculated 
value is that for the free ion, whereas the experimental value is derived 
from measurements on the crystalline solid, and therefore, as con- 
sidered previously, may to some extent be lower due to interionic forces, 
but these effects should only cause a difference of some 3-8 per cent. 
A real discrepancy between experiment and theory is therefore indicated 
by the above results. This is supported by Brindley’s results for a 
number of other atoms and ions. He has shown that there is an in- 
creasing divergence between theoretical and experimental susceptibilities 
with increasing atomic weight of the element concerned. This point 
will be further considered later. 

Ionic Radius. 

From the experimental atomic susceptibility the value of iJF* can 
be evaluated by means of the Langevin equation, giving for the thallous 
ion 48*49 in atomic units, or 13*44 X in absolute units. 

The value i 7 f* 48*49 is to be compared with the value of 79*99 de- 
duced from theory. This average mean square radius or effective electron 
density distribution is, of course, not the square of the outer radius, 
bat a composite factor depending on all the extra-nuclear electrons in 
the ion. A value for the actual outer radius cannot be obtained directly 
from this since there is no direct means of determining the contributions 
of the various shells to this factor. Although the outer {6s) shell will 
contribute a large proportion of the susceptibility, Table III. shows that 

TABLE III. — Screening Constants and £r* for the Thal;-ous Ioh. 

Z ^ Si. Number of Electrons = 80. 


Electron Groups. 

s. 

1 1 


2^. 

I . s* 

0-30 

8070 ! 

I 

0-00 

2 . 

4-15 

76-85 ! 

i 2 

0*04 

3 • S*. P* 

11*25 

69-75 : 

3 

0*21 

3 . d** 

2 fI 5 

59-85 

3 

0*35 

4 • **. p* 

27-75 

53*25 

37 

076 

4 . 

39-*5 

41*85 

37 

1*54 


52-30 

28*70 

37 

4*59 

5 • »*. p* 

57-65 

23*35 

4-0 

5*28 

5 ‘ 

71-15 

9-85 

40 

37*12 

6 . 5* 

7565 

5-35 

4*2 , 

30*10 ^ 



1 

Total 

79*99 
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the shell in the case of the thallous ion also contributes a large amount. 
By making use of the theoretical values in Table III. the radius of the 
outer shell can be estimated from the experimental susceptibility. 
Slater,* has shown that the effective radial electron density (and hence 

a measure of the radius), of any shell is given by the formula f' 

Applying this to the 6s shell, with the appropriate value of (Z — 5), 
gives for the thallous ion the value f' (theoretical) = 178 A.U. It 
has already been pointed out that the theoretical susceptibility is too 
high, therefore this value of the radius of the outer shell will he corre- 
spondingly too large. A value of f' from experimental d«ata may be 
estimated from the value of Zf* derived from the experimental sus- 
ceptibility as fo llows : — 

Since ‘ t/ : f/ (where f/ and f/ are the radii of the 

outer shell, or orbit, given by experimental and theoretical data respec- 
tively, and Eff^ ^ and Efi^ are the corresponding average mean square radii) 

then f/ = X 178 = 1*38 A.U. 

V79-99 

Goldschmidt’s value for the ionic radius of the thallous ion from 
X-ray data is 1*49, slightly higher tlian the value from the .su.scepti- 
bility data. Bearing in mind the uncertainty of the theory involved 
in estimating the value 1*38 from the experimental susceptibility, this 
may be taken to be in good agreement with Goldschmidt’s value. 

Slater Wave Functions and Ionic Susceptibilities. 

Brindley has shown that Slater’s wave functions can also be 
applied to estimate the proportion of the molar susceptibility of a com- 
pound that is contributed by the con.stituent ions when these are simple 
mono-nuclear systems. It is thus possible from the experimental molar 
susceptibilities of those thallous compounds with single anions to 
deduce a value for the ionic susceptibilities biised on the theoretical 
deduction that these are proportional to the average mean s(]uare radii 
of the ions concerned, as follows : — 

X-i(Tl*) : Xar • • 

. ^ . ... 79-99 X XM 

' ' ’ 79-99 + 


(«')• . 
(Z^ 


TABLE IV. — Ionic Susceptibilities. 
CalculaUd by Brindley's Method from Experimental Data. 



Er* for Thallous ion calculated by Slater method — 79*99 in Atomic Units. 
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Table IV. shows the results obtained in this way for the six compounds 
of this type that were investigated. The values of iy*(anion) in column 
3 are taken from Brindley’s values in the case of the chloride, bromide 
and iodide ions, and have been calculated similarly for the fluoride and 
sulphide ions. The values in column 5 are given by : 

X(Milon) = Xm Xm‘)* 

It will be noted that the average value — = 40*14 for the 

ionic susceptibility of the thallous ion, deduced in this way is somewhat 
higher than that from purely experimental data. Table V. shows 

TABLE V. — Comparative Values. 


Compound. 

Thallous Ion 
- XA' 


- 

Anion 
- lo* xa' 




I 

II 

I 

II 

III 

IV 

V 

Fluoride 

39-34 

381 

5*06 

6-3 

8-2 

— 

— 

Chloride 

41-30 

37-8 

i6-5 

20*1 

25-3 

24*0 

23*7 

Bromide . . 1 

39-41 

33-3 

24-5 1 

30-6 

39-3 

37-5 

34-1 

Iodide 

42-64 

37-5 

39-6 

44-6 

58-6 

55-7 

50*2 

Sulphide 

37-99 ! 

36-9 

12-8 

15-0 

I 





Column I in each case shows values calculated in Table IV. 

Column II in each case shows experimental values, from Table I. 

Column III. (Purely theoretical values calculated from Slater's screening 
constants taken from Stoner, Magnetism and Matter, p. 271.) 

Column IV. Experimental values representing average results for measure- 
ments on solid salts due to Brindley.^® 

Column V. Experimental values taken from experiments on solutions by 
Weiss,'® 


values for the atomic susceptibilities of the positive and negative ions 
collected together from various sources for comparative purposes. This 
table shows that application of the Slater rules to assess the relative 
contributions of the positive and negative ions to the molar suscepti- 
bility in thallous compounds gives higher values for the positive ion 
and lower values for the negative ions than any other method. This 
agrees with the previous evidence that the theoretical value of Sf^ 
and hence of the diamagnetic susceptibility of the thallous ion is too 
high, again suggesting a need for a modification of the theoiy\ 


TABLE VI. — Values of for the Various Shells. 



6»«. 


1 

55*, p*. j 

! 

4/'*. 

ad— ► 15 , P 

Inclusive. 

Total 

Mercury 

45*55 

i 

45*97 

5-76 

4*93 

i 

i 

305 

X05-3 

Thallium 

30*10 

37*12 

5-28 

4-59 

2*90 

8o*o 

Lead+"*- 

21*37 

30-59 

4-87 

4-29 

2*57 

63-7 


Further light as to where this modification must be applied is given 
by a consideration of the adjacent elements in the periodic table, 
namely, mercury and leadL Thus, unionised mercury and the thallous 
and plumbous ions are electronic isomers, containing identical electronic 
shells and differii^ only in atomic number. The theoretical values of 

57 • 
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for mercury and the plumbous ion, calculated by Slater’s method, 
are shown in Table VI. giving 83*18 and 50*31 respectively, for the 
atomic susceptibilities, expressed in the usual units {i.e. all values are 
multiplied by — 10®). The corresponding experimental values are 
38*75 for mercury, calculated from Honda’s value of 0*193 for the mass 
susceptibility of liquid mercury at room temperature, and 44*3 for the 
plumbous ion. This latter value has been calculated from the mass 
susceptibilities for plumbous compounds quoted in the International 
Critical Tables, VL, p. 357, applying the appropriate corrections for 
the negative ions as in Table 1 . Comparing these theoretical and 
experimental values with those for the thallous ion, namely 63*2 (theor- 
etical) and 38*3 (experimental), it will be seen that the discrepancy 
between theory and experiment is greatest for the element of lowest 
atomic number, i.e., mercury. Examination of the values of for 
these three elements (Tables III. and VI.), shows that the susceptibility 
is in all three cases predominantly due to the ten 5^ and the two bs 
electrons. It is apparent, therefore, that the Slater rules give too high 
a value for the contribution of the.se shells to th(‘ diamagnetic sus- 
ceptibility. The experimental atomic susceptibility of the plumbous 
ion is probably slightly higli due to the tendency to covalency in its 
compounds. If the compounds were strictly f)olar the value would 
probably be about 38*0, by comparison witli tlte corresponding values 
for mercury and lead, since there should be a slight decrease in the 
ionic susceptibility caused by the increase of the atomic charge Z. 
Allowing for this, the difference between the values of the theoretical 
and experimental susceptibilities is of the order 45 units for mercury, 
25 unit.s for thallium and say 12 units, or thereabouts, for lead. These 
differences represent a series of the type (a + 

Slater’s formula for the susceptibility the only squared factor is (Z — 5), 
wliich will vary in the above way on parsing from mercur\^ to lead. 
It may then be inferred that the discrepancy between experiment and 
theory lies in the value of s the screening constant in Slater’s formula. 
Thus, for either or both of the and 6s shells the screening constant 
is too high, and hence the effective atomic number (Z — s) is too low. 
Owing to this factor being squared in the formula, the deviation between 
theory and experiment will appear most marked for the element of 
least atomic number, namely, merctiry. Angus has suggested u 
modification in the m#^thod of grouping the .v and p electrons, giving a 
slightly different value of the screening constant for these electron groups. 
In the case of the thallous ion this was found to make a difference of 
only one or two units to the theoretical susceptibility since it doe.s not 
affect the values of Zr^ for the and 6s .shells. This, tlicrcfore, does not 
explain the discrepancy, and the results given for the experimental 
susceptibility of the thallous ion support Brindley’s view, based on 
theoretical considerations, that Angus’ method is not justifiable. Some 
other modification which will explain all the above points seems to be 
needed in the theory. 


Summary. 

I. The magnetic mass susceptibility of ly thallous compounds has 
been determined and a mean value of — 38*4 x lo-* obtained, from the 
salts with univalent anions, for the ionic susceptibility of the thallous ion. 


“ Angus, Proc, Roy. Soc., 1932, 569. 



V. C. G. TREW 


1667 


2. Salts with divalent and tervalent anions give a slightly lower value, 
and salts with organic anions a higher value, explained as due to altera- 
tion in the ionic radius with change in co-ordination number. 

3. The mass susceptibility of a number of potassium salts has also been 
determined to obtain correcting constants for the anions. 

4. The theoretical atomic susceptibility has been calculated from Slater's 
approximate wave functions and is compared with the experimental value, 
which is considerably lower, indicating a discrepancy between theory and 
experiment. 

5. A value of the ionic radius 1*36 A.U. has been deduced from the 
experimental atomic susceptibility and is compared with the value 1*49 
A. IT. obtained from X-ray crystallography. 

6. The Slater method as applied by Brindley has been used to deter- 
mine the relative contributions of the positive and negative ions in the 
salts with single univalent anions and again indicates too high a theor- 
etical value for the ab)mic susceptibility of the thallous ion. 

7. Comparison of the atomic susceptibility of the thallous ion with 
those for mercury and the plumbous ion indicate that the discrepancy 
between theory and experiment is due to too high a \'alue for the screening 
constants of the and 6 a levels, given by Slater’s method. 

The author wislies to thank the Council of liic Chemical Society for 
a grant defraying partial cost of material for this research. 
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ON THE RATE DETERMINING STEP IN THE 
DIFFUSION OF HYDROGEN THROUGH PAL- 
LADIUM. 

By Adalbert Farkas. 

Received ^th .-iugust, 1936. 

The notion that hydrogen can diffuse through metals, especially 
through palladium, is not new. It was early recognized that in this 
diffusion, there arc two different types of processe.s : one occurring on 
the gas-metal boundar\', the other within the metal. 

Wagner^ showed that the laws governing the jitfusion of hydrogen 
into palladium differ according to whether the process on the boundary 
or that inside tJie metal is the rate governing stop. Tliis question has 
also been discussed by Melville and Rideal ^ who, among other things, 
investigated experimentally the diffusion of hydrogen and deuterium 
through palladium. The novelty of the present investigation lies in 
the fact that it has proved possible to investigate simultaneously the 
processes occurring both on the boundary and in>ide the metal. The 
principle of the method is as follow.s : ~ 

Take a palladium disc, one side of which is in contact with hydrogen 
at a certain pressure, the gas being removed continuously by pumping 
from the other 'iide. In the stationary state the concentration of hydro- 
gen in and on the disc can be represented by Fig. I. From each cross- 
section in the disc there will be a diffusion in the forward direction 

» C. Wagner, Z. physik, Chem,, A, 1932, 159, 459. 

• H. W. Melville and E. K. Hideal, Proc, Roy, Soc„ 1935, 153, Sg, 103. 
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towards the vacuum side) and also in the backward direction. The 
quantity usually measured in diffusion experiments is the net diffusion 
leaving the disc at the vacuum side {i.e, C). It is desirable to measure 
the backward diffusion {i.e. B) since obviously, its magnitude compared 
with the net diffusion is important in deciding which of the two reactions 

governs the rate of the diffusion 
through the metal ; if it is very 
much larger than the net diffusion 
the reaction inside the metal is the 
slow process, whereas if it is compar- 
able with the net diffusion the rate is 
then at least partly determined by the 
process at the boundary. The back- 
ward diffusion can be measured if 
parahydrogen (or (?r//M>deuterium) is 
used instead of normal hydrogen for 
the diffusion experiments. In the re- 
action at the boundary' every hydro- 
gen molecule' is dissociated (or at 
least the bond is sufficiently labile to 
ensure an (7r/A^?-/>ara-con version), and 
thus every molecule returning into 
the gas phase from the boundary layer 
by the process of back diffusion will 
be normal hydrogen and the rate of 
the />ara-conversion induced by the 
metal surface can be used as a measure for the back diffusion. Since 
the />ara-conversion occurring in the gas phase and the amount of gas 
diffusing right through the metal can be measured simultaneously, from 
one single experiment carried out in this way, we can draw conclusions 
as to the mechanism of the diffusion process. 

Experimental Arrangement. 

Two series of experiments were carried out, one with a palladium dLsc 
and another with a palladium tube. The palladium disc (cf. Melville and 
Rideal *) (lo mm in diameter, o*r mm. thick) was welded to a platinum 
ring which in turn was sealed into a glass tube. Both the disc and the tube 
(lo cms. long, 2 mm. in diameter, o-i mm. wall) were used in the same 
arrangement as by Melville and Rideal. The disc was used in a horizontal 
position. The rate of diffusion was determined by measuring the decrease 
of the pressure by a Bourdon gauge. The or/Ao-para-con version was 
followed by extracting small samples and determining the concentration 
by the usual microconductivity method.* By suitable connections the 
diffusion from either the disc or the tube could be investigated by ad- 
mitting the gas alternately to the two sides. The ortho-para-conversion 
on both sides of the disc or tube could be investigated in the same way. 
The separate investigation of both sides, though giving the same results 
so far as diffusion is concerned, was important for studying the reactions 
at the boundary. 

The palladium tube or disc was heated in a small electric furnace, tlie 
temperature being measured by a thermometer. Two IJ-tubes kept at 
liquid-air temperatures prevented the palladium from coming into con- 
tact with grease and mercury vapour. 

In all diffusion experiments particular care was taken that the stationary 

• A. Farkas, Z. physih, Chem., B., 1933, aa, 344. 



Fig. I. — Concentration of hydrogen 
in a palladium disc in the diffu- 
sion process. 
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state was actually obtained. i,e, the palladium was saturated with hydrogen. 
To ensure this, in most experiments (especially at lower temperatures) 
the palladium was first saturated, by leaving it in contact with hydrogen 
from both sides until no change of pressure was noticeable. Then the gas 
was rapidly pumped off from one side and the progress of diffusion measured. 
In these experiments the rate of the para-conversion was determined in 
a parallel run. 

Since the volume of the connections was comparable with that of the 
tube containing the palladium care was also taken to ascertain that the 
rate of the ortho-para-hydrogen conversion should not appear to be re- 
duced by insufficiently rapid diffusion between the palladium and the 
sampling tap. 


Experimental Results with the Disc. 

The progress of the diffusion of hydrogen through the palladium disc 
is shown graphi- 
cally in Fig. 2, the 
square root of the 
pressure being ^ 
plotted against 
time. In the pres- 
sure region investi- 
gated the amount 
of gas diffusing is 
proportional to the 
square root of the j 
pressure. 

The para-con- 
version proceeded 
strictly according 
to the formula 

^ 1 FiG. 2. — Diffusiou of hydrogcn through a palladium disc 

Ut ana tto aenotmg (original state). The numbers in the circles denote 

the excess concen- numbers of the experiments, 

tration of para- 

hydrogen at time i and / = o and k a constant. 

For the sake of comparison we will characterise the rate of diffusion 

and conversion of 



TABLE I, 


No. 

1 

! 

Tempera- ! 
tiire ®C. 

Hait-liie ior Convemon in 
Minutes. 

HaU'Ufe for j 

DiSuticm in 

Minutes. Upper On the Lower 

Side. Side. 

.5 

186 

i Q j — 

13 

MO • 

— 1 6-3 — 

14 

* 30 i 

25 i 

6 

149 

28 1 — 

7 

70 

68 J — — 

12 

68 

1 

1 

8 

3 S 

138 — 

II 

24 

— 100 2*4 

22 

- 29 

— — ; 6-5 


for the diffusion and conversion rates. 


/>arahydrogen by 
their respective half- 
life periods, i,e. the 
time in which the 
pressure has de- 
creased from say 
20 mm. to 10 mm. 
Hg inside the diffu- 
sion vessel or in 
which half of the 
/>arahydrogen has 
been converted into 
normal. The half- 
life pwods for the 
diffusion rate were 
taken from figures 
like Fig. 2. 

Table I, shows 
the half-life periods 


These results reveal that the rate of the par a-hydrogen conversion is : 
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Not the same for both sides of the palladium disc» the rate on the 

lower side being, at room temperature, 
about 40 times greater than on the 
upper. 

2. About 3 or 4 times greater on 
the upper side of the disc than that 
of the diffusion. 

Activation of the palladium disc 
was effected by oxidation in air at 
300° C. and subsequent reduction. 
The catalytic converting activity of 
the upper side was thus considerably 
increased, the half-life of conversion 
at 20® C. being less than one minute 
(compared with the previous figure of 
100 minutes in exp. 11, Table i). 
Similarly the diffusion rate was also 
increased, as, is shown by comparing 
Figs. 2 and 3. After activation at 
20*^ C. the diffusion rate was about the 
same as at 119® C. before activation. 

The comparison of the different 
rates of diffusion and conversion i.s 
summarised in Fig. 4, the logarithms 
of the half-life periods being plotted 
against the reciprocal absolute tem- 
perature. Curves, 1, II and III refer 
respectively to the diffusion rate, to 
the conversion rate on the upper side 
and to the conversion rate on the 
lower side of the palladium disc before the activation, and curve IV to the 
diffusion rate after the activation. A close connection between the diffu- 



Fig. 3, — DifEusion of hydrogen 
through the palladium disc after 
oxidation and successive reduc- 
tion. 



Fig. 4. — The rate of diffusion and or/Ao-p«ra-conversion in de]>endence <3f 
temperature. Disc in original state : — 

1 = rate of diffusion, energy of activation 5*4 Kcals. 

II »= rate of conversion on the upper side of the disc, energy of activation 
3*8 Kcab. 

III rate of conversion on the lower side, energy of activation 2*3 Kcals. 
After oxidation and reduction : 

IV = rate of diffusion, energy of activation 3*1 Kcals. 

gion through the unactivated disc and the conversion on its upper side, 
will again be observed, •the corresponding curves I and II being nearly 
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parallel and indicating similar energies of activation namely 5-4 Kcals. for 
the diffusion and 5-8 Kcals. for the ^ara-H| conversion. The ener^es of 
activation {A ) were obtained from the dependence of the half-life period (r) 
on temperature according to the formula 

d log T _ A 

dT “ /?r*' 

On the other hand, curve III, characterising the conversion on the lower 
side, has a much smaller slope than I and II, showing that the activation 
energy for the conversion or dissociation of hydrogen on this side is much 
slower than on the other, namely 2*3 Kcals. Similarly the slope of IV, 
indicating the diffusion rate after the activation, is smaller than that of 
I, showing that after the activation the energy of activation has decreased 
from the original 5*4 Kcals. to 3*1 Kcals. 

Experimental Results with the Tube. 

Experiments performed with the palladium tube confirmed essentially 
the results obtained from the expieriments with the palladium disc. 

In the first series of experiments the tube was used after having been 
degassed at 350 C. but without any other treatment. The results are 



summarised in Fig. 5 the logarithm of the half-life periods for the diffusion, 
for the conversion on the inner and on the outer side of the palladium tube 
being characterised by tfye curves I, II and III respectively. Each point 
marked on the figure was again obtained from Figs, like 2 and 3. It will 
be noticed that the diffusion rate goes parallel with the rate of conversion 
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on the inner side of the tube, the latter rate beinff again 3 to 4 times faster 
The crossing of curves II and HI at about 40® C is remarkable : above 
this temperature the conversion is faster on the outer side of the tube. 
This is due to the fact that the rate of conversion (or in general any hetero- 
geneous reaction) depends on an energy of activation and on the magnitude 
of the surface available for catalysis. A hindrance of the reaction rate by a 
high energy of activation can be compensated by a large surface area and vice 
versa. The slope of the steeper line corresponds to an energy of activation 
of 9*6 Kcals., that of the other to an energy of 5-4 Kcals. Since this differ- 
ence in the energies of activation would at 40® C make the conversion 

4200 

proceed e = 1000 times more slowly, there must be a correspond- 
ingly larger area available on the outer surface to bring about a conversion 
rate equal on both sides. 

The rates for the diffusion and conversion were quite reproducible as 
is seen by comparing Figs. 5 and 6. The results of the experiments sum- 
marised in curves I (dif- 
fusion) and II (conversion 
on the inside) do not 
differ appreciably from 
those contained in Fig. 5, 
although there vras an 
interval of .several days 
between the two series of 
experiments. 

On the other hanti it 
was again found that by 
oxidation (50 mm. of O, 
at 320® C for an hour) 
and subsequent reduction 
the rates of both diffu- 
sion and conversion were 
increased (c/. Fig. 6 
curves III for diffusion 
and IV for conversion on 
the inside). In this case, 
however, the rate of con- 
version was only twice as 
fast as the rate of dif- 
fusion, and it was not 
possible even after a 
second activation by oxi- 
dation and reduction) to 
obtain on the inner side 
of the tube such a high activity as is shown on the outer side, owing prob- 
ably to the presence of some non-volatile impurity in the tube. 

The Comparison of the Rates of Diffusion for H, and D,. 

In a previou.s paper by A. and L. Farkas * the relative rates for the 
diffusion of hydrogen and deuterium were investigated by allowing a 
mixture of hydrogen and deuterium to diffuse through a palladium tube 
and determining the composition of the diffusing gas. The ratio 
(H/D)^7(H/D)^. characterising the relative diffusion rates of hydro- 
pn and deuterium, where {H/D) 4 ^|jir. and (H/D)or<j^, denote the ratio of 
hydrogen and deuterium in the diffused gas and in the original gas 
TOpectively) was higher than unity and varied with temperature. 
The temperature variation was explained by assuming that the energy 

* A. Farkas and L. Farkas, Proc, Pay, Sac,, 1934, 144, 467. 



Fig. 6 . — Diffusion and conversion on the tube 
some days later than Fig. 5, 

I ~ rate of diffusion, energy of activation 6 Kcals. 
II == rate of conversion on inner side, energy of 
activation 4*5 Kcals. 

Tube oxidised and reduced : 

III — rate of diffusion, energy of activation. 4-2 

Kcals, 

IV « rate of conversion on ii^er side, energy of 

activation 4*1 Kcals. 
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of activation for the diffusion of hydrogen and deuterium differs by some 
800 cals. 

Jost and Wiedemann ® who compared directly the diffusion rates 
of hydrogen and deuterium into a palladium sphere could not sub- 
stantiate this depend<mce of the relative rates on temperature, but showed 
that the ratio for the diffusion of hydrogen and deuterium is very nearly 
\/2, i.e, tlic value to be expected from their different masses. These 
authors also poiiilcd out the necessity, according to Wagner, of ascer- 
taining wliethcr the diffusion rate is governed by the boundary process 
or not. They assumed that by palladising their sphere they made the 
surface sufficiently active to eliminate the surface reaction. No direct 
comparison of their experiments with those of A. and L. Farkas was 
possible since the latter undoubtedly involved a surface reaction having 
a very much higher activation energy (17 Reals.) than in Jost and 
Wiedemann’s experiments (5 Reals.). On the other hand the direct 
comparison of the diffusion rates of hydrogen and deuterium through a 
palladium tube by Melville and Rideal * yielded results comparable with 
those of A, and L. Farkas. 

It seemed desirable, therefore, to compare again the relative diffusion 
rates for the hydrogen isotopes, particularly since by using the very 
penncablc palladium sample the investigations could be extended over 
a wider range <»f temperature and, moreover, by comparing not only 
the diffusion r.Ues but also the conversion rates for the hydrogen iso- 
topes it should be possible to decide whether the process on the boundary 
or that in tlie bulk of the palladium was responsible for the different 
diffusion rates. 

In the diffusion experiments orMo-deiiterium was used (containing 
about oc) |K*r cent D) and the rate of its conversion determined in the ususJ 
way. The results of the 
experiments comj)aring the 
diffusion ratc.s and cx>iv 
version rates for the hydro- 
gen i}k>top<?s is summarised 
in Tables IL and HI. 

From these ex[X}riments 
we conclu<le that : 

1. The ratio of the dif- 
fusion rates of hydrogen 
and deuterium through 
palladium is only slightly 
dependent on teinjxjrature 
and varies from 1-24 to 
1-84 in the tcrap>erature 
region of 186 to 20® C. 

2. The ratio of the con- 
version of />arahydrogen 
and of orMf>dcutrium is about the smne. 

3. The energies of activation for the diffusion of hydrogen and deuterium 

determined from tlie dependence of the diffusion rate on temperature are 
equal within the limits of experimental error, being 5*4 5*3 Reals, 

respectively. 

Discussion. 

A complete theoretical treatment of the diffusion of hydrogen through 
palladium is complicated for two main reasons : (l) The actual process 

* W, Jost and A. Wiedemann. Z, physih. Chem,, B, 1935* sp, 247. 


TABLE II.— Comparison of Energies of 
Activation for Diffusion. Disc 
(Original Activity). 


.\o. j 

j 

•c. 

Gas. 

Hall-life of 
Diffusion. 

Enerin of 
Aethration in 
Kc%|t. 

2 ! 

312 

1 

i 

3) 


3 

240 

D, 


j 5*3 

. 

iSh 


III 

i 

5 i 

1 »S(> 

; H. 


I 

1 

b ! 

119 

' H, 


1 5*4 

7 ' 

70 

, H. 

1 68 1 

i 
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TABLE III. — Comparison of Diffusion and Conversion Rates. 






Half >Ufe of 

No. 

Catalyst and Treatment. 

c. 

Gas. 



Conversion. 

Diffusion. 









Minutes, Ratio. 

Minutes. Ratio. 


Disc original 

186 

186 

H. 



14-15 

Disc original (conversion on 


H. 

♦ 



the upper side) 




16-17 

Disc original 

131 

1^. 

21 

Disc original on lower side i 

1 

1 -30 

/H. 1 

\n. 1 

10’^} ‘-S'* 

— 

i 

25 1 

Disc activated 

20 

I 

H, 

1 ' 


29 1 

1 


20 



95 i 
97 i 

Tube activated 

106 

106 

1 «• 

D, 

! — 



of diffusion consists of several different individual processes. (2) The 
two sides of a palladium sample arc in general not identical, so far as 
catalytic activity is concerned, and processes occurring on different sides 
involve different velocity constants. 

We shall consider now, however, only simplified cases, in order to 
find out the characteristics of the diffusion process, such as dependence 
on pressure and on temperature. Thus it will be assumed that there 
are only three different proce.sses on the boundaries and in the bulk ot 
the metal : 

(a) Sorption of hydrogen on the surface of the metal involving a 
dissociation of molecular hydrogen into atoms ; 

(If) Diffusion of the hydrogen atoms from one boundary to the other 
through the bulk of the metal ; 

(r) Desorption of hydrogen from the boundary involving a recom- 
bination of molecules from the atoms. 

The term “sorption’* is used here to designate ihe boundaiy re- 
action which has a hydrogen molecule in the gaseous phiise as initial 
state and dissociated hydrogen on or beneath the surface of the metai 
as final state, the term “ desorption ” being used for the reverse reaction. 
Thus no discrimination is made between two or more consecutive pro- 
cesses occurring on the boundary, such as “ activated adsorption ” in 
the sense of H. S. Taylor • (transfer of hydrogen molecules from the gas 
phase to the surface of the metal, involving some loosening of the mole- 
cular bond) followed by “ penetration “ used by Melville and Ridcal * 
(a boundary process involving transfer of hydrogen atoms from the 
surface into the first layer inside the metal). Melville and Rideal as.sume 
from recent experiments of Roberts ^ that the actual process of ad* 
sorption, even if involving a breakage of molecular bonds, ha.s a negli- 
gible energy of activation and they regard penetration as the process 
characteristic for the boundary. If this assumption can be made gener- 
ally their term “ penetration ” has the same meaning as the term 
“ sorption ” used in this paper. 

* H. S. Taylor. /. Am. Chem. Soc., 1930. 5a, 5298 ; I93i» S3* 578. 

’ J. K. Roberts. Proc, Roy, Soc., 1935. •S** 445 * 
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As a further vsimplification a possible difference in the activity and 
effective area of the two metal/gas boundaries will be neglected. Thus, 
assigning to the above-mentioned processes the velocity constants 
k^y and denoting by x and y the concentration of the atoms on the 
boundaries and by C the concentration of hydrogen in the gas phase we 
find 

k^c = k^x* -f- k^{x - y) 

k„(x - y) = *«>’* 

where is the observed rate of the /><»ra- hydrogen conversion and the 
expression k^J^x — y) arises since the net diffusion is equal to difference 
of the forward and backward diffusion. Thi^ is the quantity actually 
observed in diffusion experiment.s. 

In examining the effect of pressure we have to distinguish two limit- 
ing cases : 

(l) The diffusion is very slow compared with the rate of the ad- 
sorption and desorption, i.e. y x therefore 

X " 

or the net diffusion 

is proportional to the square root of the concentration or pressure. 

{ 2 ) The diffusion is very rapid, i.e. x* then 

k^C — zkfX* 

or the net diffusion 



is proportional to the concentration or pressure. 

It was found experimentally that the diffusion is proportional to the 
square root of the pressure, but this result must be regarded as merely 
accidental since in most experiments none of the conditions is strictly 
fulfilled und^r which this simple relationship is to be expected : both 
boundaries generally liave distinctly different activities and the net 
diffusion is of the same order of magnitude as the adsorption or the 
jp^ra-hydrogen conversion. Only in the experiments wnth the activated 
palladium disc (Xos. 25 to 28, Fig, 4) are the reactions on the boundaries 
sufficiently rapid to explain the square root law. 

The next question is the relation between the energies of activation 
of the processes observed experimentally, i.e. conversion of para* 
hydrogen and net diffusion, and those of the individual processes of 
sorption, diffusion of atoms and desorption. 

Even in the general c;ise, when the activity is different on different 
sides of the palladium sample, the sum of the rate of conversion plus 
net diffusion is the rate of adsorption. Thus we can obtain the energy 
of activation J for this process from the dependence of the mentioned 
sum on temperature. 

Since the conversion is always larger than the diffusion and further- 
more the dependence of the net diffusion on temperature is nearly fhe 
same as that of the conversion we find as energy of activation for the 
sorption process the same value as the energ\* of activation for the con- 
version. 
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The difference between the energies of activation for desorption [A^ 
and sorption is the heat of adsorption. This quantity is probably ^ 
the order of 2 Kcals., Le, near the value of the heat of absorption (c/. 
Melville and Rideal * and Sieverts and Zapf.®). 

The energy of activation for the actual diffusion of the atoms through 
the bulk of the metal (^5) can be obtained as follows from the experi- 
ments with the activated disc (Nos. 25 to 28). The diffusion being very 
much slow'er than the conversion, we obtain for the net diffusion 

= k^VkaC/kc 


oc exp(—Ag/J^T), kg, oc exp(—A^/R 7 ^ and cc cxpl^-A^/RT) 
kg,x oc exp[(— . 4 ^ + Ql 2 )jRT] 


Consequently the true energy of activation for the atomic diffusion is 

■ , higher by half the heat of sorption than the apparent 

H (dOS) * activation for the diffusion observed on the 

^ I activated disc. 

I With j 3 = 2 Kcals. we obtain an energy diagram 

I as shown on Fig. 7 for the palladium di.se in its 

I original state (f.e., before the activation). Since the 

I hydrogen diffuses within the metal in atomic form, 

1 the figure refers to \H^ and therefore only half of 

1 the energy* of activation for the sorption and 

I appears on the boundaries; t.i?., 2-9 and 1*15, 

\ instead of 5-8 and 2-3 Kcal.s. (r/ page 1670). 

1 This energy diagram is modified after the activa- 

\ lion of the palladium disc ; the 

I 'I barrier on the left-hand 

^ 1 1 * connected with the sorption 

.g j ‘ ^ j and di.s.socialion of hydrogen 

® It i considerably dccreast^ (shown in 

1 ^ 7 dotted line) and 

J ■ the rate of diffusion is determined 

( — ‘ *53 ' i ^ highest barrier, uiz. that 

I J ’ 8 I ! i connected with the transfer of 

I ^ ^ ^ ; hydrogen atoms in the bulk of 

I ^ 1 ' ; T i i § It seems nisti- 

J 11 liable to assume 

1 i I i i.'Sts 'l .l.at i„»d. .1^ 

% L J palladium the 

‘ ■' J ^ j energy barrier is 

‘ n 1 the same licfore 

u- pi. activa- 

I Mo'/c/m 11 yocuum fj®"’ 

Fig. 7. — Energy diagram for the diffusion of hydrogen oxidation and 
hrough the palladium disc (original state) : reduction the 

A/ = energy of activation for sorption on the upper side, surface proper- 

A/' energy of activation for sorption on the lower side. fipc alone and 

energy of activation for diffusion. . . . . 

Q « heat of sorption. «ot the interior 

of the metal have 
been altered. 


'L.A.. 




I PoHadium 




Vacuum 


Fig. 7. — Energy diagram for the diffusion of hydrogen 
through the palladium disc (original state) : 

= energy of activation for sorption on the upper side, 
A^" ^ energy of activation for sorption on the lower side. 
A^ ^ energy of activation for diffusion. 

Q «= heat of sorption. 


• A. Sieverts and G. Zapf» Z.pkyiik, CJUm,, A, 1935 , *74# 359* 
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With the palladium tube we have essentially the same state of affairs. 

If we assume the same conditions inside the bulk of the tube as has been 
found for the disc, the energy barriers for the tube can be represented as 
those in Fig, 7 with = 9*6 and A^* = 5-4 Kcals. One difference, 
however, must be mentioned. It is not the higher barrier of 9*6 Kcals. 
which determines the rate of diffusion of hydrogen but the lower one of 
5*4 Kcals., since, as already mentioned, the strong hindrance of the 
boundary reaction caused by the higli energy of activation appears to 
be over- compensated by a very large effective area (or some other factor 
independent of temperature). 

We consider finally the different rates of diffusion for Hg and Dg. 
This difference is caused either by different molecular (or rather atomic) 
velocities on and inside the metal, due to the difference in the masses, or 
by a difference in the energies of activation. 

In the former case the dependence of the ratio on temperature 
should be less than that observed. In the latter, a difference in the 
energies of activation for the diffusion of Hg and Dg of 200-300 calories 
would account for the absolute value of the ratio, though its dependence 
on temperature would suggest a difference of 660 cals. Assuming this 
value the ratio of the diffusion rates of the two hydrogens (vh/^'d) 
formally represented by the expression [cf. Table IV.). 

though it is not quite clear why the factor 0*6 occurs. 

It is difficult to decide which explanation is correct, since, owing to 
the relatively small dependence of the rates on temperature and the 
possible experimental error, the 
variation actually obser\'ed may 
only be accidental. 

Moreover, from the fomiula 
opposite a higher ratio is to be 
expected for the conversion vel- 
ocities of parahydrogen and arOw- 
deuterium at — 30® C. than is ob- 
served (sec Table III). 

It is therefore not easy to de- 
termine with certainty the cause 
of a difference in reaction velocity 
from a mere comparison of the 
velocities of heterogeneous reaction'- involving the hydrogen i.sotopes 
and their compounds. 


TABLE IV. 


Tetxi|^rature j 

Ratio 

Observed. | 

CalcttUtod. 

186 

1 1-24 

1*25 


1J6 

l'37 

106 

1*40 

! 1*45 

20 

1*84 

j x-S? 

1 


Conclusions. 

From the present results we can understand why hydrogen diffuses 
so rapidly through metals in electrolysis ; the hydrogen is supplied to 
the metal in atomic form and thus the hindrance due to the energy of 
activation for dissociation is eliminattxl (see Fig. 7). Furthermore it 
is also evident that the actual heights of the barrier on either side of the 
metal do not determine the diffusion rate, provided that the barrier on 
the entrance side is not lower than that on the outlet side. Owing to the 
supply of atomic hydrogen the bulk of the metal becomes saturated and 
then the hydrogen ** overflov^ ” over the edge of the outlet barrier. 

This picture serves to explain some observations of Kobosew and 
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Monblanowa • on the effects of electrolytes and poisorls on the electro- 
diffusion of hydrogen through a palladium membrane* Electrolytes, 
^specially K"** ions) and poisons (such as pyridine or sodium arsenate) 
accelerate the rate of diffusion if applied on the entrance side of tlie 
membrane but have an inhibiting effect if applied on the other side. A 
poisoning of the entrance side prevents the atoms from recombining 
and thus forces them to leave the metal through diffusion, on the other 
hand, a blocking up of the exit side must necessarily lead to a backward 
diffusion, so that more and more hydrogen will leave tlie membrane on 
the same side as entered. 

Melville and Rideal * obtained the apparent energies of activation 
shown in Table V. for the diffusion of hydrogen through a palladium 

disc and tube with and 
without an electro-de- 
posited surface layer of 
copper and nickel. 

The considerable effect 
of the coating is to be 
attributed entirely to a 
t hange in the surface 
conditions of the pallad- 
ium, since naturally by 
the electro-deposition of the Cu or Ni*lay<‘r the inside of the palladium 
has not been changed at all. 

Finally a group of experiments by C oehn and co-workers carried 
out on wires, one portion of which was saturated electrolytically with 
hydrogen, allows a direct determination of the energy of activation for 
the actual diffusion inside the palladium. The spreading of hydrogen 
inside the wire was followed up by measuring the change in the electric 
resistance or potential of certain portions of tlic wire. From the de- 
pendence of the coefficient of diffusion on temperature one finds an 
energy activMtion of 4-9 to 6*7 Reals. These tigurc' are actually charac- 
teristic of the transfer of hydrogen inside the metal, no processes on the 
boundaries being involved, and are in satisfactory agreement with the 
value of 4 Reals, obtained in this paper (sec Fig. 7). 

Summary. 

The rate of diffusion of hydrogen through a palladium <lisc and tul»c 
has been compared with the rate t»f tlie conversion of hydrogen at 
temperatures of 20 to 320^ i\ and alxnit at 20 ram. Hg. 

Applying this method one can decide whether and to what extent the 
reactions occurring on the metal /gas boundaries determine the rate of 
diffusion. 

Two characteristic cases were isolated : The ^af«-hydrogen conversion 
is (i) about 3-4 times quicker than the diffusion and its dependence on 
temperature is approximately the same as that of the diffusion ; (2) very 
much faster than the diffusion and has a smaller temp^Tature coefficient 
than the diffusion. 

In the former case the boundary reaction is the rate-determining step 
for the diffusion and consists in a dissociation of the hydrogen molecule, 
being also responsible for the conversion of pata-hydrogen ; in the latter, 

•N. I. Kobosew and W. W. Monblanowa, Ac/a Phys.-Ckem. U.S.S.R., i 934 * 

I, 6n. 

A. Coehn and co-workers, X. Pkyaik, 1930, 63, i : 7 «. *79: * 933 . 


TABLE — Energy of Activation in Kcals. 
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the rate of diffusion is governed by the actual transfer of the hydrogen 
atoms in the bulk of the palladium. 

Though the rate of diffusion does not depend on the direction of dif- 
fusion, the rate of the ^ara-hydrogen con\'ersion may be different on 
different sides of the disc or tube, indicating the two sides may have 
entirely different catal3rtic activities. 

From the apparent energies of activation for the />ara- hydrogen con- 
version on both sides of a palladium sample and the energy of activation 
for the diffusion (calculated from the dejxjndence of the corresponding 
rates on temperature) the energy levels far the primary processes occurring 
in the diffusion can be determined. Such processes are (1) The sorption 
of molecular hydrogen involving disscx^iation ; (2) transfer of atomic 

hydrogen through the bulk of the palladium ; (3) desorption of molecular 
hydrogen. For example the following energies of acti\'ation were found 
for a palladium disc with sides of different activity for sorption (entrance 
side) 5*8 Kcals. ; for transfer 4*1 Kcals. ; for desorption (exit side) 3*3 
Kcals. Rate determining step ^ Sorptk)n. 

A comparison of the rates of diffusion for hydrogen and deuterium 
shows that the former difiusc^s slightly more quickly, hut the cause of 
this behaviour cannot l>e given with certainty. 

Some recent experiments on the diffusion of hydrogen through palladium 
are discussed in the light of these results. 

The author bus great pleasure in expres.sing his gratitude to Professor 
E. K Ridcal, F.R.S., for tlie privilege of working in his laboratory and 
for many enlightening discussions. He is also indebted to the Imperial 
Chemical Industries, Ltd., for a grant. 

Dept, of Colloid Science, 

The University, Cambridge. 


TEMPERATURE COEFFICIENTS OF ELECTRI- 
CAL CONDUCTIVITY OF ELECTROLYTES IN 
METHYL AND ETHYL ALCOHOLS. 

By Alexander G. Ugston. 

Received 27th August, 195O. 

The present work is concerned with the nuasuremcni of the electri- 
cal conductivities of solutions of certain salts, bases and of hydrogen 
chloride in methyl and ethyl alcohoK at 25", 15^^ and 4^ C., and the con- 
clusions which may be drawn from the results. From the conductivity 
curve of an electrolytic solution it is possible to obtain tlic limiting 
conductivity at infinite dilution [A^) and the degree of deviation of 
the curve from the theoretical Dcbyc Huckel-Onsagcr straight line. 
Fuoss and Krauss ' have given a method by which, assuming the 
deviation to be due to ineomplete dissociation of the electrolyte, 
and a consistent “ true ” dissociation constant (K) may be calculated. 
By obtaining values for these quantities over a range of temperature 
the variation of A^ri may be measured {r) being the viscosity of the 
solution), also the mean heat of dissociation of the electrolyte : the 
former may be used to test Walden’s rule (constancy of A^rfj andno 

*/. Amer, Ghent, Soc., 1933. 5Si 47^- 
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throw light on the precise mechanism of transport of ions ; the latter 
may be compared with the experimental integral heats of dilution of 
electrolytes. 

The investigation has been carried out with these objects in view : 
the intention has been rather to explore the field than to work it in 
great detail. 

Previous Work. 

Not many measurements of conductivity curves at different tem- 
peratures have been made : the earlier work was not carried to high 
enough dilutions for accurate extrapolation to be possible. The 
following comprise the more recent investigations : — 


Authon. 

Solvent. 

Etectrolytes. 

TcmiHTaiurwi. 

Walden and Ulich * 


Water 

Uni-univalent 
slats. Salts 

0®, 18’ , lOO"" 

EkwaU » . . . 


>> 

Substituted 

0", 25^ , ' 




aramontum 

salts 


Johnston * . 



Higher valency 




tyj^ salts 


Walden and Ulich ‘ 

Walden, Ulich and Laun • 

( 

Methyl and 
ethyl 
alcohols 

j Salts 

0®. 25®, 56® 

Walden, Ulich and Busch * 


Acetone 

Salts 

0®, 25®, 50® 

Martin * . , . 

. 

Benzo- 

Salts 

o®-70® 

Philip and Oakley • 

. > 

nitrile 

Nitro- 

Potassium 

o®-85® 

i 

i 

methane 

Iodide 


In all these investigations the interest is centred on the constancy 
or otherwise of A^rf and Their results may be summarised : in 

the non-hydroxylic solvents and Ifp] are constant or increase 
slightly wdth increasing temperature, but in hydroxylic solvents much 
larger variations occur usually in tlie opposite sense, i.e. they decrease 
with rise of temperature. The salt.s having large and comparatively 
unsolvated ions obey Walden’s rule most closely. 


Experimental* 

Measurements of electrical conductivity were made by the method of 
Murray-Rust and Hartley.*® The constants of the cells used were dc* 
termined from time to time using solutions of potassium chloride in 
methyl alcohol at 25® C, and were based on Fniscr and Hartley's values.*' 
The variation of cell constant with temperature is negligible. 

The temperature of the water thermostat was controlled by heating 
lamps actuated by a toluene regulator through a relay. Cold tap water 
was circulated through a copper cooling coil at 15® C and ice water at 4® C 
at a rate sufficient to give equal periods of heating and cooling. The tem- 
peratures were checked from time to time against an NPL standard and 
were maintained constant within o*oi® C. 

^ Z, physikal chem.» 1923, 106, 49 ; 107, 219- * Ibid,, I9i^* 2tx. 

* J. Amer. Ck$m, See., 1909, 1012. * Z, physikal. chem., 1024, 114* 297. 

® Ibid,, 114, 275. ’ Ibid., 1920, laj, 429. 

* 1928. 5270 ; 1930, 330. * Ibid,, 1924, lag, 1189. 

Pfoc, Roy, Soc„ A, 1929, 136, 84. ** Ihid., 1925, 109, 351. 
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Materials. 

Methyl alcohol was prepared by the method of Hartley and Raikes,'* 
ethyl alcohol by that of Cxjpley, Murray-Rust and Hartley. »» 

Potassium chloride and iodide, lithium iodide, silver nitrate, tetraethyl 
ammonium perchlorate and picrate were taken from stocks of these salts 
purified for conductivity purpos<‘s by previous workers in this laboratory. 
Potassium chloride and iodide, tetraethyl ammonium picrate and per- 
chlorate were dried to constant weight in an electric oven at 250®, 220®, 
120^^ an<l I i\ respectively ; silver nitrate was diied in a small vacuum 
oven over pht>sphorus pentoxide at 80' C. Lithium iodide had been 
twice recrystallised from water ; it was dried in the vacuum oven at 50® C. 
for a fortnight and the temperature then raised to 70^ C. for a week without 
the salt becoming discoloured ; the composition reached corresponded 
closely by analysis and in the conductivity results to Lil, i H* 0 . (The 
amount <if water introduced into solution is negligible since the driest 
methyl alcohol obtainable contains abtmt 0 03 jx'r cent, of water.) B.D.H. 
tetraethyl ammonium bromide contained impurities after recrystallis- 
ation from ethyl alcohol ; heating in a vacuum oven at 70® C. caused part 
of the salt to sublime, and after several weeks Ixjth analysis and the con- 
ductivity gave results agreeing with the formula NEt4Br. 

Solutions of hydrochloric acid were prepared by the method of Munay- 
Kust and Hartley and used on the day of their preparation ; their 
estimation followed the raethcxl described by Jones and Hughes.'* 

Solutions of |>otas,sium methoxide, ethoxide, methyl carbonate and 
ethyl carlxmate were prepared by Jones and Hughes ; the measurements 
on them were made in collalKiration with those authors. 


Results. 

(I) T he results of the conductivity measurements are given in Tables 
I., 11 . an<I III. (('olumn 1 : Temperature and specific conductivity of the 
solvent {k). Column 2: concentration in gra. equi vs.; litre. Column 3; 
<*qui valent conductivity. Column 4 : /Icorr. the corrected conductivity 
of bases and of hydrogen chloride in ethyl alcohol.) .\t the foot of each 
run b given x, the slopn; of the linear jmrt of the curv'e and a, the Debye- 
Hiickel-Onsager slope. In calculating x, the values for the dielectric 


TABLE 1 . — Methyl Alcohol. 


A. C X JO*. A^. 

k. C X xo*. 4 ^^ 

Potassium Chloride at 15^ C. 

Potassium Chloride at 4^ C. 

Series A 0-035 *'-*793 ^8-32 

Series A 0-044 ^'^^349 74*97 

2-4836 87-37 

1-8410 74-27 

4-3439 .Sft-25 

3-7006 73-23 

6-0507 85-43 

60209 72-33 

8-7938 84-35 

8-53>3 7»-48 

lt-6114 83-39 

11-6185 70-65 

Series B o-ooo i‘i437 88-42 

Series B 0 044 11555 74*82 

2-3300 87 - 5 » 

2-01 19 74-16 

3-9790 86-52 

3-8008 73*18 

6-0224 S5-46 

6-3184 72*18 

8-7»39 84-38 

9*1354 7 * 3 * 

>*•7353 83-36 

12-185 70-50 

2! 218 at 207-2 

.r - 177 170-2 


1923, IJI7, 524. » Ibid., 1930, 2492. « Ibid,, 1934, « *97. 
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TABjLC I.— 



C X 10*. 


Silver Nitrate. 


25* C. 

0*043 1*3906 

106*98 


2*5101 

105-54 


4-7383 

102*94 


8*0227 

99-95 


11*2667 

97-56 


15*3419 

94*91 


X =a 460 a == 

251-3 

15 * c. 

0*036 1*3666 

93-21 


2*6259 

91*81 


4-6865 

89-74 


8*1609 

87-23 


11*5189 

85*16 


25-5958 

83-14 


«= 372 a - 

213*2 

4 * C. 

0*039 1*3970 

79*11 


2*5392 

78*12 


4-4954 

76-59 


7 9350 

74-50 


11*2391 

72*82 


15*2235 

71*13 


X == 310 a = 

175-9 

Potassium Methyl Carbonate. 

25° C. 

0*054 3037 

93-76 


5-532 

92*05 


8*644 

90-36 


12*217 

88-57 


16*522 

87-05 


X = 291 a = 

' 239 

13 ’ C. 

0*037 2*462 

81*98 


4*941 

80*41 


7-508 

79*15 


10756 

77-88 


14*450 

76-57 


^ 243 a - 

203 

4°C. 

0*033 2*626 

69*18 


5-518 

67*80 


7-466 

67-03 


10*863 

66*02 


M-*35 

65*11 


X 188 a sw 

167 


Tetra Ethyl Ammoalum Per- 
chlorate . 

25"*^- 0*037 o»96507 128*42 

2*2259 126*39 

4*1060 124*10 

6*0316 X22*16 

8-4944 119-91 

12*5898 117*08 

=« 460 a — 268*6 



k , C X xo*. 


* 5 “ C. 

0-037 1-0283 

112*52 


2-6473 

110*30 


4-8975 

108*17 


6-9648 

106-53 


9-3542 

104*69 


13-5758 

102*29 


X ^ 400 a 

229*1 

0 

P 

0*032 1*0713 

96-48 


2*6208 

94-67 


4-9707 

92-79 


7*0720 

91-41 


9-5058 

89-91 


13-6524 

87-74 


X = 350 a 

190-1 


Tetraethyl Ammonium Bromide. 


25® C. 0*036 1*0580 

114*77 

2-2720 

113-64 

4-5297 

111*73 

6*9871 

110*14 

10*246 

108*09 

13-482 

106*78 

X 322 a — 

255*4 

4® C. 0*029 1*4386 

85-45 

2*6503 

84-67 

4*7370 

83-49 

7*2990 

82-25 

10*732 

80-79 

14*202 

79-76 

X ™ 240 a = 

179-4 


Tetra Ethyl Ammonium Picrate. 


25° C. 

0*030 0*78887 

105-83 


1*5111 

104*82 


2*8029 

103-44 


4*6566 

102*02 


6-7349 

100*66 


9*0101 

99*39 


=» 303 OL ^ 

247*5 

0 

p 

0*034 0*76799 

92*24 


i' 5 M 3 

91*33 


31525 

89-94 


4*8630 

88*83 


6*8029 

87-79 


9-2944 

86-71 


X ^ 255 ae ==« 

210-3 

4 * C, 

0*027 0*78186 

78-93 


1*6270 

77*89 


3*0112 

76-9* 


4*8685 

75 - 9 P 


7*0292 

74-98 


9-6469 

73-98 


2r 213 a ™ 

173-8 
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lABEE lA. MBTHYL ALCOHOL. 


k . C X 10*. 

A,. 

A. 

C X 10*. 

Ar 

A, (oorr.). 

Hydrogen Chloride. 


Potassium Methoxide. 


*5'* C. 

0*038 2*001 

187-71 

25® C. 0*033 

3 - 4*8 

99*86 

102*00 


4-37* 

186*30 


5-831 

99'39 

100*71 


7-807 

183-38 


9*486 

98*09 

98-91 


10*928 

181*38 


13-84 

96*66 

97*27 


14*869 

X 79*41 


17-56 

95-68 

96-17 


« 375 a 

== 319 


X — 25c 

► a = 

= 245*5 




15® C. 0*036 

1*7201 

86*83 

88-60 

15’ C. 

0*033 2*085 

168*11 


3-661 

86*56 

87-43 


4-597 

166*41 


5-831 

85*88 

86-45 


7*927 

164-29 


9-529 

84-73 

85*09 


11*420 

163-31 


13-499 

83-55 

83*81 


I5-3«>8 

160*65 


17*792 

82*64 

82*85 


«= 330 a 

= 2765 


X — 196 a = 

= 2o8*5 




4®C. 0*039 

1*625 

71*91 

74*10 

4* C. 

0-035 2*437 

M 577 


3-456 

72*18 

73*21 


4-919 

144*20 


5*709 

71*70 

72*34 


8*ii8 

143*01 


8-674 

71*06 

71*50 


11*651 

141*16 


12*392 

70*28 

70*60 


15*^3 

139*70 


17*108 

69-37 

69*60 


r 290 a 

* 233 


^*=157 a 

170 


TABLE II. — Ethyl Alcohol. 



C X 10*. 

A.- 


A. C X to*. 


Potassium Iodide. 


Lithium iodide. 


35’ C. 

0*0085 0*65246 

1-5363 

■!-5849 

4-4740 
" 01126 

8*2091 
11*8163 

47*99 

47*51 

46*79 

45*87 

45*02 

44*18 

43*05 

C. 

0*022 11351 

2*4221 
4-3912 
7*4247 
10*5459 
13*9890 

X «= 153 a «= 

42*24 

41-5* 

40-65 

39*65 

38-88 

38*15 

144*9 


X 200 a = 

152-5 




15“ C. 

0*0072 0*9818 

2*4599 
4-1764 
9-1868 
8-4013 
12-35S1 

* “ 159 « “ 

39-H4 

38-85 

38-06 

37-37 

36-73 

35*78 

122*9 

15* c. 

0-015 1-0970 

1-5061 

4 - 37‘)4 

[6-7438 

9.9376 

13-4454 

X ^ 122 Ot aa 

34*85 

34-22 

33*56 

3**693 

32*26 

31*68 

116*7 

4 ’C. 

0*0072 0*9873 

2*3186 
4-4984 

6*5003 

8*6oio 

12*6080 

31*79 

3»*25 

30*33 

30*08 

29*56 

28*85 

4 *C. 

0*007 1*1264 

*•6993 

4-7472 

7-0501 

9.775a 

I 3 * 558 a 

27*92 

27*40 

26*87 

26*41 

25*97 

25-48 


««i 97 *o 


‘94 « ■* 9**4 
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TABLE II. — Continued. 


h. C X A^. 


Tetra Ethyl Ammonium Per- 

chlorate. 


25® C. 0 0133 0-38429 

59-83 

1-2280 

5798 

- 2*2459 

5 <>- 3 i 

31 758 

55-02 

4-31 7 f> 

53-70 

b- 334 (, 

51-75 

X 450 a 

167-0 

15^^. 0 - 0 II 2 0*69392 

49*10 

1 * 335 ^ 

48-03 

2-3257 

46-77 

3-3210 

45 -<>7 

4-4352 

44 -f >3 

6-4001 

4307 

X ^ 367 a 

1350 

4® C. 0-0078 0*76909 

39-62 

1-8028 

38-40 

2-4837 

37-75 

3-7545 

36-68 

4-8865 

35-»4 

7*0103 

34*55 

;r 303 a = 

107-1 

TABLE III.— 

A. C X io«. A^. 

A ^ (corr.). 


Hydrogen Chloride. 


25® C. 0*0095 

2*439 

77*14 

77-17 


4*732 

75*26 

75-28 


7*635 

73**5 

7316 


10-790 

7**31 

71-32 


14*610 

69*47 

69-47 

X 

==- 354 

a -- - 95*3 

15® C. 0-0089 

2-251 

f> 3-95 

63-98 


4*697 

62-47 

62-48 


7*485 

6l*Ol 

61-02 


10-815 

59*52 

59*53 


14*551 

58-17 

58-17 


264 

a 156-9 

4® C. 0-0072 

2*439 

50-91 

50*94 


4*763 

49-90 

49*91 


7-863 

48-77 

48-78 


”•235 

47-77 

47*77 


15-240 

46-84 

46-84 

X 

== j8o 

a ^ 121 

•0 


A. C X lo* A^, 


Tetra Ethyl Ammonium Picrate. 

25® C. 0 0097 0-86945 

52-44 

I -9036 

51*26 

2-8853 

5038 

4-1667 

49*43 

5*5474 

48-57 

7*9705 

47*27 

X 278 a " 

>58-7 

15® C. 0-0089 0-84435 

43-01 

1*7800 

42*74 

2-9005 

41*95 

4 - 1393 

41-22 

5 - 50*6 

40-48 

7*917* 

39-48 

;r 223 a 

127-8 

4® C. 0 0075 0*99575 

3509 

1-8846 

34*49 

2*9301 

33 *S« 

40519 

33*39 

5*6371 

32*74 

8-1461 

31-92 

;r 1 76 a 

101-2 

HYL Alcohol. 

k. C X io«. A ,. 

A^ (corr.). 


Potassium Ethoxide. 


25® C. 0-015 

2-426 

41*62 

43-30 


3*915 

41*37 

4*-56 


5*841 

40*79 

41-69 


9*025 

39-82 

40-47 


12-124 

38-97 

39-50 


i6-6i6 

37-85 

38-29 

X 

--2r 204 

a • 1^8-5 

15® C. 0-014 

1*838 

34*30 

35-80 


3*797 

34*06 

34*93 


5 * 89 C* 

33*52 

34*15 


8-619 

32-86 

33*35 


11*755 

32-20 

32*59 


16*734 

31*32 

31*62 

X 

- 155 

a 119*0 

4®C. 0*0075 

1*851 

27*52 

28*20 


3-460 

27-22 

27*65 


5*622 

26-78 

27*09 


8*677 

26*22 

26*46 


11-245 

25*79 

25*99 


16-279 

25*19 

25*34 

X 

— tog 

a - 93*3 
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<x)nstants have been taken : — methyl alcohol, ‘‘ Lattey and Gatty ; ethyl 
alcohol, Lattey ; values of viscosities from the best values in Landolt- 
Bomstein and the International Critical Tables ; the values of Aq were 
obtained by freehand extrapolation to the theoretical slope, and these 
seldom differed seriously from the final values obtained by exact extra- 
polation. 

(2) Correction for the effect of impurities in the solvent was made : 
in the case of salts by substracting the specific conductivity of the solvent ; 
in the case* of bases and of hydrogen chloride in ethyl alcohol by the method 

TABLE IV. 


25". I 13*. 4*. 


A^ in Methyl Alcohol. 

Potassium chloride 
Hydrogen chloride . 

Tetra ethyl ammonium picrate 
Potassium methyl carbonate 
Tetra ethyl ammonium bromide 
Tetra ethyl ammonium ])erchlorate 
Silver nitrate 
Potassium methoxiile f 


104 87 ♦ 

90*69 

76*47 

1932 

; 173-0 

150*4 

108*00 

: 94*02 

80*25 

98*30 

: 85-35 

72*00 

117*90 

- ! 

88*00 

131*6 

i 115*3 i 

98-9 

110*8 

, 96-3 

8i-8 

106*62 

1 <>i-l6 

76*11 


* Frazer and Hartley's data re-extrapcjlated. 
t Linear extrapolation. 


A^ in Ethyl Alcohol, 

Lithium iodide 

Potassium iodide 

Potassium ethuxide 

Hydrogen chloride 

Tetra ethyl ammonium picrate 

Tetra ethyl ammonium perchlorate 

Potassium ethyl carbonate 


Potassium chloride 
Hydrogen chloride , 

Tetra ethyl ammonium picrate 
Potassium methyl carbonate 
Tetra ethyl ammonium bromide 
Tetra ethyl ammonium perchlorate 
Silver nitrate . . 


; 43 - 8 o 

36*08 

28-92 

• 49-05 i 

41 03 

32-83 

i 46 - » 5 j 

37-60 

29*54 

: *^>-70 

67-30 

53*25 

1 54-15 ! 

45*00 

36-30 

! 61*40 

51-00 

41*15 

j 42*00 1 

35*00 

27-80 

Alcohol. 



. i 0-214 

0-298 

i 0-384 

. ; o iiv8 ; 

0112 

j 0*102 

. ! 0-0581 1 

— 

0*0610 

. : 0-0570 : 

0-0697 

0*1050 

- i 0 0475 i 

— 

0*0441 

. 1 00199 j 

0-0202 

0*01^ 

• ! 00153 I 

i i 

0*0171 

0*0187 

i 


Dlaaociation Constants In Ethyl Alcohol. 



Lithium iodide .... 

0*121 

0*172 

0*412 

Potassium iodide .... 

0*0212 

0*0269 

0*0392 

Potassium ethoxide 

0*0189 

0*0240 

0*0458 

Hydrogen chloride .... 

0*01 12 

0-0147 

0*0232 

Tetra ethyl ammonium picrate 

00098 1 

0-0103 

o*oio8i 

Tetra ethyl ammonium perchlorate . 

0*00306 

0*00378 

0*00394 

Potassium ethyl carbonate 

0*00286 

0*00360 

0*00446 


3a*a5, the value here used for the DEC of methyl alcohol at 25^ C.. is pro- 
bably better than the value 30*3 used in previous papers from this laboratory. 
Phil, Mag,, 1 9*9. 7# 9*^5 • ' Private CommunicaHon, 

1934* »*97 
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of Jones and Hughes ; no correction was applied to potassium methyl 
and ethyl carbonates or to hydrogen chloride in methyl alcohol for reasons 
given by those authors. 

( 3 ) Extrapolation of the curves was made by the method of Fuoss and 
Krauss,^ and d# and K (Table IV,) obtained. Where K had comparatively 
large values an approximation to their method was sufficiently accurate : 
y, the degree of dissociation was obtained from 



instead of by successive approximation in 

d = y (do — a Vyc) 

Potassium methoxide -was found to have a slope less than the theoretical 
80 that do was obtained by the old method of graphical extrapolation, 

( 4 ) Values of doii and of ^ arc given in Table V. Table VL 

doi^Ai 

gives approximate values of fo^ of • These have been 

obtained on the assumption that is constant with temperature for the 
picrate ion and by making reasonable assumptions of the temperature 
coefficients of /017 of other ions, where necessary. 


TABLE V. — Values of d^iy and Mean Temperature Coefficients. 


1 



Afir- 


) 

I as*- 

! '**• 

1 4*. 

1 

1 33*-4*. 

1 


Methyl Alcohol. 







Potassium methyl carbonate 

0-537 

i 0-539. 

! 0-543 

- 4-7 


5-9 

Potassium chloride 

0-572, 1 

1 0-573, 

1 0'577i 

- 1-8 


~ 6-3 

Tetra ethyl ammonium picrate 

0 590 ] 

I 0-594, 

o* 6 o 5 | 

- 7-6 


~i 6-6 

Silver nitrate 

0-603 1 

0 ‘ 6 o 8 , 

0 - 617 , 

- 5-8 


-I3‘4 

Tetra ethyl ammonium per- 

0-719 i 

0728 , 1 

0-746 

- 15-2 


— ai *6 

chlorate 







Hydrogen chloride 

>•055 ! 

1*091 j 

»->35 1 

— 20-8 


-, 38*6 

Potassium methoxide . . 1 

} 

0 - 582 , 1 

0-576 ! 

0-574 j 

4-11.2 1 


+ 3-a 


Ethyl Alcohol. 


Potassium ethyl carbonate . 
Lithium iodide . 

Potassium iodide 
Tetraethyl ammonium picratc 
Tetra etliyl ammonium per- 
chlorate 

Hydrogen chloride 
Potassium ethoxide 


0 - 453 , 

0-455 i 

- 1-6 

0-473 i 

0-472, 


+ 0-3 

0-536, 


0-536, 


0-0 

0-585 


0 - 593 , 


- 6 -9 

0-663 


0-673 


- 71 

o *882| 


0-870 j 


+ 6-8 

0*499 


0-483 


+ 15-5 


(6) Table VII. gives mean values of the heats of dissociation in two t«n- 
perature ranges, derived from the dissociation constants by the integrated 
Van’t Hoff isochore 


Q 


RTtTt /. Ki . 
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TABLE VI. — Values of I ,, of i,ii and of the Mean Tempbkatube Co- 

EFFICIENTS OF 


Ion. 

aa 

• 

4 *. 

X 10.* 

UnAT 



i 


a 5 **- 4 *. 

Methyl Alcohol. 






Methyl carbonate 

44*7 

0*244 

32 65 

0*246 

- 3*9 

Picrate 

46*5 

0*254 

34*1 

0*257 

- 5*6 

Silver 

49*7 

0*271, 

36-6 

0*276, 

~ 8*7 

Chloride 

51*27 

0*280 

37*12 

0*280 

0*0 

Potassium . 

53*6 

0*293 

39-35 

0-297 

- 6*5 

Bromide 

56*4 

0*308 

4«-85 

o* 3 i 5 i 

- 11*4 

Nitrate 

60*5 

0 - 330 , 

1 45-2 

0*341 

- I 3 ‘i 

Tctra ethyl ammonium 

61 ‘5 j 

0*336 

, 46-15 

0-348, 

~ 17*4 

Perchlorate 

70*1 1 

0*383 

, 52-85 

0398, 

~ 18*9 

Hydrogen . 

141-8 

0-775 

1 113-2 

0-855 

- 46*8 

Mcthoxide . 

53*02 

0-289, 

3676 

0*277, 

i 

4- 20*1 


Ethyl Alcohol. 


Lithium 

1500 1 

0*i62j 

9*62 

o*i55f 

-f 

18*6 

Potassium . 

2085 

0-225, ; 

13*53 

0-2 1 8, 

4“ 

15*4 

Ethyl carbonate . 

21*15 

0-228, 

14-27 

0*231, 

— 

6*2 

Chloride 

24-30 

0*262, 1 

16*01 

0*259, 

-f 

5*3 

Picrate 

26-30 

0-284, I 

17*55 

0-284, 


0*0 

Tetra ethyl ammonium 

27-85 

0-301, i 

18-75 

o*303« 

— 

3*6 

Iodide 

28*80 

0-3114 ; 

19-30 

1 0*312, 

— 

1*8 

Perchlorate 

33*55 

0*362, i 

22-40 ' 

: 0*363, 1 

— 

1*2 

Hydrogen . 

57*40 

0-620, 5 

37*24 

i 0*003, 

4- 

12*8 

Ethoxicle 

25*35 

0-2740 1 

10-01 

1 0-259, 

"f 

25*8 


TABLE VII. — Mean Heats of Dissociation. 



Calories. 

25 *- 4 '^ 

Calories. 

I 5 *- 4 * 

Caloric*. 

In Methyl Alcohol. 

Potassium chloride 

5.450 


+ 3.650 

Silver nitrate 

1 1,760 

— 1 

4- 1.200 

Potassium methyl carbonate . 1 

-r 3,060 

j 

4* 6,070 

Hydrogen chloride . . . . 1 

— 1,100 


- 1.560 

Tetra ethyl ammonium perchlorate . ' 

+ 70 

4* 180 

~ 660 

Tetra ethyl ammonium picrate 

Tetra ethyl ammonium bromide 

— 

— 


— 760 

“~* 


In Ethyl Alcohol. 


Lithium iodide . . . . i 

4- 5.800 


+ 12.900 

Potassium iodide . . . . 

+ 3.900 


+ 5.450 

Potassium ethyl carbonate 

+ 3.700 


4 * 3*100 

Potassium etfaoxide 

+ 3.900 


9.500 

Hydrogen chloride «... 

* 4 " 4.5®® 


+ 6.700 

Tetra ethyl ammonium perchlorate . 

4 - 410 


+ 4^0 

Tetra ethyl ammonium picrate . i 

-f 640 


+ 550 
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di, being the densities of the solution (assumed equal to those of the 
pure solvent), JFT, the dissociation constants, at temperatures Tj, T*. 
These values of Q must be regarded as only approximate : insufficient 
statistical evidence is available to establish their accuracy. 

Discussion. 

Variation of A^ri and [qT), 

The present results give general confirmation to those of previous 
workers in showing negative temperature coefficients of and 
in hydroxylic solvents ; the following also appear to he true. 

(l) In a given solvent the values of the temperature coefficient are 
more negative the greater are Aq and Iq, this is illustrated graphically 



Hydrogen and hydroxyl ions inset. 

in the figure, in which values from the results of Walden and Ulich' 
and of Ekwall in water are plotted. There is a roughly linear relation- 
ship between the temperature coefficient and Aq or /o at a given tem- 
perature, 

(2) The temperature coefficients have more negative vaucs at lower 
than at higher temperatures. 

(3) The temperature coefficients are on the whole increasingly 
negative in the order ethyl alcohol, methyl alcohol, water. 

Since heats of solvation are in general positive, it does not seem 
possible to account for these negative temperature coefficients by an 
increase in ionic radius with temperature : moreover, the systematic 
differences between behaviours of salts in the two classes of solv^ts 
would be hard to explain on this basis, and it seems more likely that 
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the cause is to be found in the nat\ire of the solvent rather than of the 
ions. 

The experiments of Bridgman on the effect of pressure on the 
viscosity of liquids showed that in this property also the behaviour of 
hydroxylic solvents is peculiar. They are “ abnormal since increase 
of pressure produces a smaller increase of their viscosity than in the 
case of “ normal *’ (non-hydroxylic) liquids : it was shown that this 
abnormality increases in the order ethyl alcohol, methyl alcohol, water 
and in the case of water is less at higher than at lower temperatures. It 
seems likely that the.se two phenomena may be connected and that a 
pressure-viscosity effect is responsible for the negative temperature 
coefficients : a similar explanation of negative “ B coefficients in 
the viscosity equation has been suggested by Cox and Wolfenden.*® 

The mechanism for producing such an effect is known to exist in 
the electrostriclion of polar solvent by ions which Zwicky and Webb 
have shown must lead to very high pressures in the immediate neigh- 
bourhood of the ions : this will lead to values of the viscosity of solvent 
in this region different (generally greater) from those in the bulk of the 
solvent. Whatever may be the actual effective values of these vis- 
cosities, Bridgman ’.s results show that, since non-hydroxylic solvents 
approach the behaviour of the normal with rise of temperature, the 
change in these effective viscosities with temperature must be more 
positive in the case of hydroxydic solvents than in the case of normal 
solvents. The change of ionic mobility with temperature will there- 
fore be more negative in the former than in the latter, which will account 
for the more negative temperature coefficients of A^ri and of /qt;. It 
seems reasonable to regard the zero or positive temperature coefficients 
found in non-hydroxylic solvents as normal, and the negative values 
in hydroxylic solvents as due to abnormality of the solvents presumably 
due to their complexity of liquid structure. It is natural that ethyl 
alcohol, methyl alcohol and water should be in the same order with 
respect to the magnitudes both of abnormality' of temperature co- 
efficients and of pressure-viscosity properties ; also, since the higher 
the temperature the more nearly is this behaviour normal, the tem- 
perature coefficients also are more near to normal at higher than at lower 
temperatures. 

Since the elcctrostriction pressure falls off very' rapidly with dis- 
tance from the centre of the ion, the abnormality should be most 
marked for the smallest and least for the largest ions : if Aq or may be 
taken as an index of ionic size, this is found to be so. 

The work of Bridgman, Zwicky and Webb shows that the viscosity 
should increase rapidly to very'' large values at a distance of I to 2 A 
from the ion centre. The solvent immediately surrounding a very 
small ion is thus so viscous that it can crudely be regarded as moving 
entirely with the ion : it is not therefore surprising that the smallest 
(most mobile) ions have much the same mobilities in any given solvent. 

To summarise, this very crude and imperfect picture, taking only 
electrostriction into account and treating the solvent as a continuum, 
gives a qualitative explanation of a number of facts. 

Proc, Nai. Acad. Anur., 1925. 603. 

•• Prac. Roy. Soc., A, 1934, 145* 475. 

^ ** Pkysihal. Z., 1926, 37, 271. 

“/. Amsr. Ckma. Soc., 1926. 48, 2589. 
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Abnormal Mobilities. 

The ions of hydrogen in water and the alcohols and the hydroxyl 
ion in water have been regarded as having abnormally high mobilities ; 
two essentially similar theories** have been put forward to account for 
this, both predicting the possibility of abnormal mobility wherever the 
ion in question can be derived from the solvent. Two criteria of ab- 
normal mobility exist : 

(1) Abnormally low temperature coefficients of mobility, predicted 
by both theories : these arc evident in the case of the hydrogen ion in 
w'ater and methyl alcohol (but not in ethyl alcohol) and of the hydroxyl 
ion (but not of the methoxide and ethoxide ions). 

(2) The effect of small additions of water to alcoholic solutions,** 
producing large decreases of conductivity : this shows abnormal 
mobility of hydrogen ions in methyl and ethyl alcohols, but not of 
methoxide or ethoxide ions.** 

It appears from the present results that in the case of Srdt.s the 
temperature coefficients of AqI] and /qI? are related to or ; in every 
proved example of abnormal mobility the points of the tem[»erature 
coefficients against Aq or Iq, when plotted, lie well off any line which 
can be drawn through the points for salts to describe this relation. 
The same is true for methoxide and ethoxide and suggests that a part 
of the mobility of these ions also is abnormal. 


Heats of Dissociation and Dissociation Constants. 


The heats of di.ssociation of salts having metallic kations an* large 
and positive, those of tetra ethyl ammonium salts small and, in the case 

of the bromide, 

TABLE VIII.— Nearest DlST.^KCKs of Approach. negative. The.se 
. results are in 


From K, 

A. 


From Stoke»* 

A. 


In Methyl Alcohol, 35^ C. 

Silver nitrate . . . . • 

Tetraethyl ammonium perchlorate j 
Tetra ethyl ammonium bromide . | 
Potassium methyl carbonate 
Tetra ethyl ammonium picratc . 
Potassium chloride 


2’(>6 

4*86 

4*98 

7 54 


5 * 4 f> 

4*55 

612 


qualitative agree- 
ment with lho.se 
of Jackson, Smith, 
Gatty and Wol- 
fenden,** who 
found that the dif- 
ferences between 
the observed and 
calculated integral 
heats of dilution 


In Ethyl Alcohol, 35^ G. 


Potassium ethyl carbonate . | 

2-47 

7*15 

Tetraethyl ammonium perchlorate | 

*•57 

4*94 

Tetra ethyl ammonium picratc . j 


3 * 5 t> 

Potassiuni ethoxide . . . | 

5*32 

0*56 

Potassium iodide . . . | 

5«7 

6-ai 

Lithium iodide 

10*03 

763 


present the heats of dissociation involved 
completely dissociated electrolytes. 


in methyl alcohol, 
were large and 
positive for metal- 
lic salts^ but small 
and negative for 
tetra ethyl am- 
monium bromide. 
These differences 
may in part re- 
in diluting solution.s of m- 


"Hackel. Z. Elektfochem,, 1928, 34, 54O ; Bernal and l owlcr, y. Ckem. 
Physics, 1933 - 5*5 

“ Hughes and Hartley, PhiL Mag., 1933, 1$, Oio. 

*• Jones and Hughes, J.C.S., 1934, 1197. 


J.C.S.. 1934, 1376. 
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The apparently deciding r61e of kations in determining the heat of 
dissociation is probably connected with their power of solvation, since 
dissociation of a molecule or ion pair must lead to increased solvation 
and metallic ions are known to be generally more highly solvated than 
tetra ethyl ammonium. 

The dissociation constants of the salts are roughly in inverse order 
of their conductivities in accordance with the ion pair theory. The 
sums of radii of the ions of these salts have been calculated from Af^ 
by Stokes* Law and from K using the method of Fuoss and Krauss.*^ 
(Table VI II.), Reasons have been given for supposing the values by the 
former method to be unreliable ; those obtained by the latter method 
are at best only approximate. 

Summary. 

(1) The electrical conductivities of solutions in methyl alcohol of 
}X)tassium chloride, silver nitrate, potassium methyl carbonate, tetra ethyl 
ammonium perchlorate, tetra ethyl ammonium ])icrate, tetra ethyl am- 
monium bromide, potassium methoxide and hydrogen chloride : in ethyl 
alcohol of potassium iodide, lithium kxiidc, potassium ethyl carlx>nate^ 
tetra ethyl ammonium perchlorate, tetra ethyl ammonium picrate, potas- 
sium ethoxide and hydrogen chloride have Ixen measured at 25 \ 15® and 
4'’C. 

(2) By the meth^xl of Fuoss and Krauss. the limiting conductivities 
and dissociation constants have been obtained. 

(3) The negative temperature coefficients of and /»iy in hydroxylic 
solvents have l>een explained on the basis of the effect of electrostric- 
tion pre.ssure on the local viscosity in the neighbourhood of ions. 

(4) It is suggested that the methoxide and ethoxide ions exhibit ab- 
normal mobilit>*. 

(5) Heats of diss<x:iation have been calculated and compared with 
values of the integral heats of dilution of electrolyte^ in methyl alcohol. 

The author expresses his gratitude to Sir Harold Hartley (in whose 
laboratory'' this work was done) for advice and encouragement, and to 
Messrs. O. L. Hughes and f i. K. M. Jones for experimental assistance. 
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CHEMICAL REACTION IN ELECTRIC DIS* 
CHARGES. PART II. THE CHEMICAL 
ACTIVITY OF IONS. 
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The view that chemical reaction in the electric discharge is coiii 
ditioned by the chemical activity of atomic, or molecular, charged 
particles been based mainly on three groups of experimental data: 
(1) the similarity between reaction caused by an electric discharge and 
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that initiated by a-particles,^ and the proportionality, in the latter case, 
between the amount of chemical change and of ionisation (constancy 
of the M/N ratio),* (2) the correspondence in electron beam experiments 
between the critical energy for chemical change and that for the onset 
of ionisation, and (3) the general character of discharge reaction and 
the proportionality between the current carried in a glow discharge and 
the rate of chemical reaction in it.®» • 

The aim of this paper is to review the subject in the light of the 
statistical theory of Part 1 . ; for whilst certain optically allowed tran- 
sitions lead to ionisation, and, as effected by electron impact, might 
therefore account, in some cases at least, for (3) above, there are a number 
of cases in which it appears more probable that discharge reaction is 
attributable mainly to the uncliargcd products of collisions between 
electrons and the reactant molecules. 

I. The Data for Reaction Initiated by a-Particles. 

The facts stated in (l) above would lead to the conclusion that ions 
are responsible for the observed reaction were it not known, as pointed 
out by Rutherford, Chadwick and Ellis,’ that, in molecular gases, less 
than half the energy of a-particles is used in effecting ionisation. Evi- 
dence for the occurrence of excitation along a-particle tracks has long 
been available®*®. Since it is known from photo-chcmical experiments 
that excitation processes frequently lead to products whicli initiate 
reaction, it may not be necessary to look further than these for an ex- 
planation of a-particle reaction, as EmeliSus and Lunt,*” and more 
recently, Eyring, Hirschfclder and Taylor have surmised. 


2 . The Data of Electron Beam Experiments.' 

The technique of electron beam experiments to determine the least 
electron energy for which reaction occurs is essentially the same as that 
for determining the critical energy for excitation and ionisation.^* But 
the chemical experiments are beset wdth considerable additional diffi- 
culties which arise from the comparative insensitivity of chemical, 

'Lind and others, Trans, Am, Elec. Chem. Soc., 19^7. 37 i J.A.C.S.^ 

1928,50,1767; 1929, 51,365 and 2811 ; 1930,53,4450; Trans. Am. Elec. Chem. 
Soc.. I 93 L 59 f 159 . 1^5. 

* Lind, The Chemical Effects of Particles, 2nd ed.. Now York, 1928 ; Science, 
1928, 67, 656 ; Chemical Reviews, 1930, 7, 203. 

* Guntherschulze, Z . Eleklrochem., 1924, 30, 637. 

* Finch and others, Proc. Roy. 1926, ill, 257: 1927,116,529; 1929, 

134, 303 and 532 ; 1930, 139, 656; 1931, 133, 173 ; 1934. > 43 . 4^2 ; J.C.S., 
>935. 32 - 

‘Brewer and others, J. Physic, Chem., 19*9. ^^^3 ; * 930 . 34 * 153 » 554 * 

1280, 2343 ; 1931. 35, 1281, 1293 ; 1932, 36, 2133, 2395 : 1933. 37* 889. 897, 
1935 . 39 * 889. 

‘ Kirkby, Proc. Roy. Soc., A, 1911, 85, 151. 

’’ Rutherford. Chadwick and Ellis, Radiations from Radioactive Snbstances, 
Cambridge, 1930. 

•Sir William and Lady Huggins, Proc. Roy. Soc., A, 1903, 72* 196, 409; 

1905. 76* 4S8 ; 1905 77 * 130* 

* Hinstedt and Meyer, Physikal. Z., J905. 6, 688 ; 1906, 7, 672 ; Walter, 
Ann. Physiht 1905, 17, 367; 1906, 30, 327; Pohl, Ann. Physih, 1905. 17, 375; 

1906. 18, 406; Bosch, Arch. NeerL, 1925, 8, 163. 

'• Emeldus and Lunt, Nature, 1936, 13^, 404. 

" Eyrinff, Hirschfclder and Taylor, J. Chem. Physics, 1936, 4 * 479 570. 

Franck and Jordan, Anregung von Quantens^unge aurch ^osse, Leipzig, 
1936; Penning and de Groot, HanS. Physik, 1933, aj/L 
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compared with physical, methods for the detection of the onset of the 
formation of a new molecular or atomic species in the gas. 

At the time when the critical energies for reaction were determined 
it was found in some systems that this critical energy was identical 
with the then accepted value of the critical energy for the ionisation of 
one of the reactants ; such identity led naturally to the conclusion that 
the reaction was initiated by the ions formed at this critical energy. 
This identity no longer holds for the more recent and precise determin- 
ations of the critical energy for ionisation. Thus, for example, the 
values attributed to the critical energy for reaction in mixtures of 
{a) hydrogen and nitrogen,^* (b) hydrogen and carbon monoxide, and 
{c) nitrogen and oxygen,^® are, in each case, at least i el.-v. above the 
accepted critical energies for the simple ionisation of the reactants. 

In these cases, it is clear that the presence of the ions of both components 
is inadequate to initiate reaction. In other cases, for example, in hydro- 
gen and in oxygen the value.s found for the critical energy for re- 
action, or chemical change, is definitely lower than that for simple 
ionisation,'® and may be identified with a critical energy for excitation 
as determined, for example, from spectroscopic data.'®f^h w There is 
thus no evidence from electron beam experiments for the initiation of 
chemical cnange by ions ; on the other hand they afford definite 
evidence that the products of excitation proces-^es cause reaction. 

3« The Data for Discharge Reaction. 

Since Brewer ® has contributed the widest array of data for reaction 
in the glow discharge, and has been a most emphatic supporter of the 
ion reaction mechanism hypothesis, his views will be discussed here 
although similar conclusions have been reached by others. 

An explanation has been sought for the constancy of the current 
efficiency in the negative glow, jj. I>y considering the ionisation pro- 
duced in the negative zones as equivalent to that produced by a flow of 
electrons, numerically equal to the current carried by the discharge, 
and having initial energy given by the cathode fall in potential. 
Linder’s more precise analysis of the r^^gime in the negative zones, 
later amplified by Emelius and Kennedy,*' shows that Brewer’s model 
of the negative zones is too incomplete to warrant further discussion. 

Both excited atoms and molecules have been excluded from possible 
reaction mechanisms because the intensity of light emitted by them in 
a glow discharge, considered as a function of pressure, is apparently 
unconnected with the rate of chemical reaction ; this is to be expected 
because, for normal excited states, having a life- time of TO'*'® — 10*“'’^ sec. 

Andersen, Z. Physik, 1922, 10, 54 ; Storch and Olsen, 1923, 45^ 

1605 ; T926, 48, 1298 ; Caress and Rideal, Proc. Roy, Soc., X927, 115^ 684 ; 
Brett, tbtd,, 1930, 1J9, 319. 

Caress and Rideal, U>id., 137, 51 1. 

Wansborough *>301108, ibid . , Hcnr>% BuU, Soc, Ckim. Belg., 1931. 40, 371. 

*• Knoll-OUendori-Rompe, Gaseniadungsiabellen, Berlin, 1955.^ 

*•<*) Sponer, MolekHlspektren, Berlin, 1935, and refs, given there. 

*»Glocklcr and Thomas, J.A.CS,, 1935, 57, 2357; Gloclder, Baxter and 
Dalton, ibid,, X927, 49, 58. 

*• Henry, Bull, Soc, Ckim,^ Belg,, 1931, 40,. 305, 339 ; Glockler and WilSon, 
J,A,C,S., 1932, 54 ; Dalton 1929. 2566, 

MuUiken, Rev, Mod, Physics , 1932, 4, i. 

*• Linder, Physic, Rev,, 1931, 38, 079. 

£inel 4 u 8 and Kennedy, Phil, Mag,, 1934, 
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radiation will occur before collision for the pressure range in Brewer’s 
experiments. But, of course, this consideration does not exclude un- 
excited atoms, or metastable atoms and molecule.s, all of which may be 
the products of excitation processes. 

Atoms, or other fragments, resulting from the dissociation of electron- 
ically excited molecules have also been excluded because there is no 
maximum in the reaction rate corresponding to the conditions in which 
atoms or fragments may most easily be extracted from a discharge. 
The equilibrium concentration of atoms, or other fragments, is, however, 
determined by the rate of their production and the rate of their de- 
struction by chemical reaction, including tlic reformation of the mole- 
cules from which they were formed ; hence, in the absence of auxiliary 
data, no simple relation is predictable between the stationary concen- 
tration of such fragments and the rate of formation of the final product 
of a discharge reaction. 

The exclusion of the above mentioned uncharged products of electron 
collision with reactant molecules, which is now seen to be almost certainly 
unwarranted, led naturally to the view that the explanation for the 
observed reaction must be sought in terms of the charged products of 
such collisions. In further support of this conclusion, Brewer called 
attention to the sharply defined bands of reaction product that are 
observed on those portions of the walls of the reaction vessel, when 
suitable refrigerated, that enclose the regions of most intense ionisation, 
the positive column and of the negative glow ; these regions, are, 
however, also those in which the concentrations of excited atoms and 
molecules are greatest,** Similar deposits have been observed by Hanerji 
and Ganguli ** whose work appears to show that they arise from the 
neutralisation of the random positive ion current at the w alls, Eurthcr- 
more, the existence of the so-called “ ion -exchange ” reactions of Kall- 
mann Jind Rosen ** at once afford.s a possible explanation of these 
phenomena because, in many cases, the ionisation potential of the 
product ” molecules is low'cr than that of any of the reactants, and 
the pressure is so high that a “ product ’* molecule produced in the 
gas phase could make a number of collisions w'ith ions of the reactant 
molecules before reaching the walls. 

Brewer has also supposed that the ions of the reactant molecules 
may initiate reaction w'hen they reach the walls, the energy of ion re- 
combination being available for di.sscKiating either the recombined ion 
or some neighbouring molecules, or for providing part of the activation 
energy in reactions involving the neutralised ion. Apart from the lack 
of direct evidence for such process€»s, discussctl in § 4 , it afq>ears likely 
that even if wall (or other surface) recombination were followed by 
dissociation, the re.sulting fragments, if atomic, would be preferentially 
adsorbed, and subsequently recombine with like fragments reforming 
the molecules from which they were produced ; a considerable part of 
the energy released in the ion recombination would thus appear finally as 
heat conveyed to the w^alls, which the view generally accepted.** It is 
interesting to note that, for the formation of ammonia from nitrogen- 
hydrogen mixtures, Brewer himself reported data* for the dependence 
of the rate of synthesis on the relative area of the anode and cathode, 
and which affords a strong indication that the ions reaching the cathode, 

« Bancrji and Gan^li, PA»/. 1933, » 5 » ^>76 ; 1934, 3 U- 

•• Smyth, Ifev. Mod, Physics, 1931. 3, 347. 

** See. for example. Compton and Langmuir, ibid,, 1930. a, 191. 
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and recombining there, do not contribute appreciably to the observed 
reaction. 

There is thus no evidence from the data for discharge reaction that 
charged particles are essential to the initiation, f)r to any other step, of 
the mechanism by which reaction occurs. 

4. The Reactivity of Ions. 

There are two main ways in which it has been supposed that charged 
mole(aiIar or atomic particles can cause chemical reaction : firstly, the 
cn<Tgy liberated in the recombination of a positive ion with an electron, 
or negative ion, may be available to dissociate or activate the recombined 
ion, or some other particle with which it is in collision during the re- 
combination process ; secondly, an ion may have a specific chemical 
reactivity analogous to th*it of neutral molecules, atoms, and free radicles. 

4*1. The Energy Liberated in Ion Recombination. 

Since the di^ipo^al of this energy at the surface of a discharge tube 
has alreacly been discussed, it remains to consider processes occurring 
in the gas phase. For simplicity the argument will be restricted to 
diatomic molecules and molecular ions, although it will be seen that 
it can readily be extended to more complicated eases. 

Ill the recombination of an electron with a diatomic ion AB+ (where 
A may be identical with B), the condition lor the formation of a stable 
molecule, AB, is that energ\’ ei}ual to the sum of tlie energy of ionisation 
of AH, and the kinetic energ\* of the electrtm, II must be radiated 
(or transferred to a third body) in the life-period of the ion-electron 
collision complex. Tliis life-period may be roughly estimated as the 
time an electron spends in crossing a molecular diameter, io~® cm. ; 
for an electron of velocity about cms. sec. or of energy" about 0-04 
el.-v., this time is about 10^^^ .sec., and would be correspondingly smaller 
for electrons of greater energy. Since no selection rules are contravened 
in the radiative process, the transition probability (the Einstein *'A 
c{»ifiicieni| may be taken to be that ot a normal allowed transition, 
ahiuit 10'* set . * ; it follows tliat the probability of stable mole- 
< ule tormaiion is of the order of X 10® ~ lO'"’ in a .single 

iollision. Whilst no r(‘coml)ination spectra are known for molecules, 
the values of this probability for alums, deduced from the absolute in- 
tensity of the recombination spectra,** confirms the above rough esti- 
mate, and establishes that g.is phase recombination by the emission of 
radiation i.s an extremely rare process, a conclusion in agreement with 
that reached from purely electrical considerations.** In molecular ions 
there is, however, the additional possibility that the energy released in 
recombination might be transferred to the internal motions of the mole- 
cule in the ground stale and thus cause dissociation, or at lexst con- 
siderable activation. Such a proces.s would be equivalent to the trans- 
fer of electron kinetic energy’ to molecular vibration (and rotation), 
proces.ses knowm to be of low probability both from experiment,*® and 
from theoretical considerations.** Thu>, whilst the a\'ailable energy 

lladhsy and others. Phil, Mag,, 4^^ 213 ; 1925. 50, 825 ; 1928. 6* 

*073 : t9i«. * 0 * 145 : * 932 , I3f 993 ; Harries, Pkysik, 1927, 4a» 26; Ratthen. 

* bid ., 1931. 70. 353- 

••Mott and Massey. Tiu Tkaary of Atomic CoUisiom» Oxford. 1953, 217; 
Bloch and Bradbury, Pkystc, Hev,, 1935, 48, 689, 
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would be more than sulScient to cause dissociation in many cases^ the 
low probability limits such decomposition to the class of very infre- 
quent processes. 

We now consider the case where the energy of (molecular) ion re- 
combination is available for production of an excited molecular state of 
the recombined ion, a particular case arising when the transition occurs 
at such an intemuclear distance that dissociation follows. The argu- 
ment here follows that of Massey and Smith for dissociation conse- 
quent upon electron attachment : if we consider, as before, a collision 
tetween an electron of energy and an ion AB+ in its lowest vibrational 
state,* it can at once be seen that the collision complex is indistinguish- 
able from the neutral molecule AB in which the intemuclear distance, by 
the Franck-Condon principle, is the equilibrium intemuclear distance of 
the ion AB+ (which we shall denote by r^.), and containing energy 
Ji. If now there happens to be an excited state of AB such that 
at the intemuclear distance r^, its energy, relative to the ground state, 
is nearly f equal to K + systems will be in resonance and 

transitions to the excited state of AB will occur. But, even if there 
happens to be a suitable excited state, the systems will be in resonance 
only for electrons having energy very close to ; it has been seen in 
Part 1 . that in the negative glow and the positive column the electrons 
have an energy distribution, and therefore but a very small fraction of 
the total electrons present may have energy close to IJ, with the result 
that in either of these discharge zones the process may be a very in- 
frequent one. The simplest variant of this process is that a third mole- 
cule, CD, is present during the collision and that this molecule is acti- 
vated or dissociated by absorbing the energy liberated in the recom- 
bination of the ion. In this case, too, the probability of energy' transfer 
would be appreciable only if there were a level in CD in resonance with 
the available energy, + I*. The infrequency of ternary collisions 
at the low pressures used in most discharges, the low relative concen- 
trations of ions and electrons,** and the possibility that only a small 
fraction of the electrons have energy close *• to are three factors all 
tending to restrict such collisions (even if every one of these leads to 
activation or dissociation) to the class of very infrequent processes, 
considerably inferior in rate to the observed rates of chemical reaction 
in discharges. 

The next type of pro^^s to be considered is that in which an ion, 
AB’*’, captures an electron from another molecule CD in a collision ; 
the energy liberated is then the difference between the ionisation energy 
of AB and that of CD, a quantity which will be denoted by By the 
Franck-Condon principle, if such an electron transfer occurs the resulting 
new ion, CD'*', would be produced at the intemuclear distance of the 
neutral molecule CD, ; the process will occur with appreciable probabil- 
ity only if there happens to be an excited state of CD+ such that at the 
intemucle^ distance its energy relative to that of the normal state 

Massey and Smith, Ptoc. Sac,, A, 1936, igg, 472. 

* The lowest vibrational state is considered because, in most of the discharge 
conditions of present interest* the majority of ions are probably in this state ; 
the arjgiment is* however* easily extended to higher vibratimial states. 

t The order of tiie energy discrepancy will be i el.-v. since this must be same 
as mat due to the change ox intemumear distance in a transition between different 
electronic states.** 

** Stueckelberg* Physic, fyv,, 1932, 4a, 518. 

** Darrow* EkiiricA Phenomena in Gases, Baltimore* 1932. 
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of CD'*' is nearly * equal to for then the systems will be in resonance* 
The best known example of such an ion reaction is afforded by the work 
of Smyth and Stueckelberg ^ on collisions between Ne*** ions and normal 
oxygen molecules* In this case it happens that the energy acquired by 
the excited ion, 0^+ is greater than the dissociation energy, and it 
therefore dissociates spontaneously into 0 and Apart from the 
restriction implicit in the necessity for there being an excited state of 
CD*** in resonance with fj, the low pressures and low concentrations of 
ions in most discharges of present interest limit the maximum possible 
rates of such processes to comparatively low values. 

The last type of collision process we consider is that between a posi- 
tive ion and a negative ion : this is most simply treated as a variant 
of the previous case in which the collision complex of CD" and AB+ may 
be regarded, after electron transfer has occurred, as composed of AB 
and CD in which the intemuclear distances are, respectively, the equili- 
brium intemuclear distances of the ions from which they are derived ; 
the complex as a whole then contains the energy « If — 
wbere has the same significance as in the previous cases, and 
denotes the ionisation energy of CD" The reaction which will thai occur 
is that for which the sum of the energies of the excited states of CD and AB 
is most closely in resonance with the available energy, JJ' ; in general 
this will occur with CD in an excited vibrational level of the ground 
electronic state, and with AB in some vibrationally excited upper elec- 
tronic state. Furthermore, since FJ,- is likely to be small f compared 
with F|, and since there are numerous upper electronic states with 
•energies lying close to (in any molecule), it is probable that the ex- 
cited states necessary for resonance with exist in most cases ; the 
electronically excited state of AB must then, if it is stable, lose its energy 
by radiation, or, if unstable, dissociate. Whilst the rate of recom- 
bination of ions of opposite sign has been the subject of many investi- 
gations, no observation of the radiation consequent on this has been 
•reported. The observed rate of recombination is remarkably high, being 
at atmospheric pressure approximately lO* that of the bi-molecular colli- 
sion rate of the corresponding neutral particles : recombination may 
therefore be of importance in connection with chemical reaction in dis- 
charges because, as seen above, the energy liberated may cause dissocia- 
tion, or lead to the emission of radiation which might be absorbed by 
the other molecules present. On the other hand, there are few dis- 
charges of present interest for which there is evidence of the existence 
of negative ions in concentrations exceeding a very small fraction of 
that of the positive ions. 

Summarising this discussion, it is seen that in all cases the likeli- 
hood of processes occurring in which the energy of recombination may 
become available for chemical reaction depends on the existence of 
excited states of ions and of neutral molecules satisfying certain par- 
ticular energy requirements. Any particular case must therefore be 
considered on its merits, but in the present somewhat scanty state of 

* That is, within about x el.-v. 

Stueckriberg and Smyth. Physic. Rsv., 1928. 3a, 7791^ Stueckelberg. 
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t For example^ the energy of electron at t a chment toanoxygenmolecale^^is 
About o-z el.-y. ^ the energy of dsta chme n t is probably ol w same order of 
maxuitude, 
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our knowledge of the higher electronically excited states of moleculeSi 
it is only in a few cases that the problem can be adequately discussed. 
Apart from this restriction, in the case of ion^lectron collisions, there is 
also a restriction to a very narrow range of electron energies. The two 
remaining processes either require ternary collisions, or involve a par* 
tide of a type which exists in most discharges of interest at relatively 
low concentrations only. It is therefore reasonable to suppose that in 
most discharge reactions none of these processes is operative unless 
there is special evidence to the contrary. 

4*2. The Chemical ** Reactivity of Ions. 

Although it has been frequently postulated that chemical rearrange- 
ment may take place as a result of collisions between charged and un- 
charged molecules, there is only one known case of charged particles 
effecting reaction when these have kinetic energy of the same low order 
as is possessed by molecular ions in discharges in which chemical reac- 
tion has been examined. This is the reaction == 113*^ + H, 

the occurrence of which was established by Dorsch and Kallmann ; ** the 
fact that detectable amounts of atomic hydrogen were formed, despite 
the small concentrations of Hi**" ions present, suggests that the energy of 
activation is small and the velocity constafit large, in agreement with 
calculations based on wave mechanical theory.*** 

Direct investigation by the use of ion beams is beset with difficulties 
similar to those encountered in working with electron beams (see § 2 ) ; 
whilst there are considerable discrepancies between the results of 
different investigators, **^*1 it is clear that the critical energy for reaction 
as effected by ion beams is at least about 20-30 el -v., and thus vastly 
in excess of the mean energy of ions in many discliarges *• causing 
chemical reaction. Even larger values of critical (ion) energy are found 
for electronic excitation by ion beams,** and wave mechanical theory 
predicts that no appreciable excitation will occur until the ion energy 
is considerably in excess of that necessary to effect the excitation pro- 
cess itself. •• 

It is true that the rate at which ions collide with neutral reactant 
molecules to give chemically new products may be discussed in terms of 
expression (3), Part L, when is replaced by the ion concentration, 

when V denotes the kinetic energy of a colliding ion, Q{V^ the prob- 
aUlity cross-section (in units of for a speciffed collision process, 
f{V) the energy distribution function for the ions, and when h is replaced 
by 4*37 X 10* X a, where a is the ratio of the mass of the ion to that of 
a hydrogen atom. But since the current carried by a discharge cannot 
usually be expressed in terms of the drift velocity of the ions, it is usually 
not possible to derive from this modified form of expression (3) ex- 
pressions for the current and energy efficiencies of such ion colOsions 
which have properties similar to those of the corresponding quanritks 
as observed for reaction in discharge. This result is not in itself 
sufficient to exclude the possibility that ions initiate reaction in dis- 
charges ; but since /(K) is appreciable only for V less than I el.-v., in the 

** Dorsoh and Kallmann, 2 . Pky$ih, 1925, aft 45a. 

**Coulson, Pfoc, Cwmb. Phil Smi., 1935, 31* a44; Eyring, Rosen and 
Hifschlelder, /. Ckm* Physics, 1936, 4, xai. 

** Kirschstein, Z, PkyHh, 1930, dSt 184 ; Appleyard, Pfoc. Moy, Sse.i 
X930, xaS, 330. 
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positive column and the negative glow,*® and if, as seems likely ^ 
from experiment, Q{V) is zero for V less than about 20 eL-v., it follows 
that the overlap between Q{V) and /(F) and, hence, the rate of collision, 
must be extremely small By evaluating the integral in this modified 
expression (3) for any likely values of Q{V) and /(I^, it is easy to show 
that the resulting value for the rate is, by many powers of ten, inferior 
to the rate of reaction frequently observed in discharge reaction* In 
such cases it would be necessary to suppose that each ion-reactant 
collision ultimately gives rise to the formation of a correspondingly 
large number of molecules of the final product ; in most cases such a 
possibility, is, of course, excluded. 

Concerning the activation energy of collisions leading to chemical 
rearrangement between molecular ions and molecules having com* 
parable kinetic energy very little is know n. There is no reason to suppose 
from the scattering of molecular ion beams in molecular gases that the 
rate of transfer of kinetic into vibrational energy is significantly different 
from that of the corresponding neutral particles. By neglecting the 
effects arising from the charges on the particles, estimates of the acti* 
vation energy may be deriv^ by considering the heats of dissociation, 
equilibrium intemuclear distances, and molecular diameters, of the 
colliding particles according to the method discussed by Franck and 
Rabinowitch j’*® this procedure leads obviously to activation energies 
of the same order as those for thermal reaction between neutral mole- 
cules, 1 •5*2*5 electron-volts. In one case only, the reaction -f /f, 
== -f //, has the problem been approached from wave mechanical 
theory : *•* ^ Eyring concludes *• that the activation energy is small, 
but although this result conflicts with the prediction from the Franck- 
Rabinowitch rule, no general conclusion can be drawn from this single 
application of wave mechanical theory. 

Summarising this discussion of ion reactivity, firstly, it must be 
emphasised that there is only one example known for which there is 
direct evidence, and this is purely qualitative. Secondly, whilst in this 
one case (for which alone the necessary calculations have been per- 
formed) the wave mechanical analysis of the problem predicts a low 
activation energy, there is no indication from scattering experiments that 
the same may be true for other (postulated) cases ; moreover, by an^ogy 
with thermal reactions between neutral particles, it may be anticipa^ 
that the activation energy will not be very small. Thirdly, the absence 
of fast moving ions in discharges excludes the possibility ttiat electronic 
exettarion by tons occurs in these. Whilst it is necessary to consider 
any particular case on its merits, it is thus seen to be improbable that 
any reaction in a discharge at temperatures not greatly exceeding 300^ K. 
can be attributed to the chemical reactivity of die ions present 

5« Ckmdaalona and Summary. 

The following conclusions are reached from the preceding discussion 
of the various aspects of the hypothesis that the chemical reactions 
occurring when a discharge passes through a gas are attri|mtable to the 
tons present. Firsriy, the analogies present^ by reactions due to a* 
partides do inot support this hypoUiesis since they fhonselves are 
probably dut to the excitation caused by the a-pardt^* Secmidly^ 
the data' forf crirical potentials for electron beams inthcate that 

** Skaiidr and Rabinowitch, Z. J^Mrockm^i 794. 
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are below the ionisation potentials of the reactant molecules* Thirdly , the 
arguments which have been advanced from the general character of dtsr 
charge reactions have been shown to be inconclusive. Fourthly, collision 
processes in which the energy of ion recombination may become available 
for initiating reaction have been shown to belong to a class of infrequent 
events for the conditions obtaining in glow discharges ; a possible ex- 
ception is the case of recombination between ions of opposite sign, but 
there is little evidence for the existence of negative molecular ions in 
significant concentration in many discharges in which chemical reaction 
has been studied. Lastly, there is only one example known for which 
there is direct evidence of the chemical reactivity of an ion of low kinetic 
energy ; there is no evidence from scattering experiments for many of 
the other cases which have been postulated. 

Thus, whilst no categorical statement is possible, and indeed any 
particular case must be considered on its merits, there are seen to be 
many reasons for believing that chemical reaction in discharges is un- 
likely to be attributable to the ions there present. 

To Dr. H. S. W. Massey the author wishes to express his deep in- 
debtedness for many suggestions, and for the numerous opportunities 
afforded him for discussing the problems raised in this paper, particularly 
those in Section 4. 

The Sir William Ramsay Laboratories of 
Physical and Inorganic Chemistry, 

University College, London, and 

Messrs. Imperial Chemical Industries, Lid, 


THE RAMAN SPECTRUM OF DEUTERO- 
SULPHURIC ACID. 

By Alan H. Leckie. 

Received l 6 th September, 1936. 

The Raman spectrun* of sulphuric acid has been very thoroughly 
investigated,^ and the lines in the spectra of the pure acid and its 
solutions in water have been simply explained on the basis of successive 
dissociation of the SO,(UH)t molecule into HS04^, and 
ions. There is, however, a definite shift in many of the lines on dilu- 
tion of the acid, and this shift is too large to be entirely explained by 
assuming that it is due to changes in intermolecular forces. Woodward 
and Horner * from a careful study of microphotometcr curves sug^t 
that the broad lines whose frequencies vary can be analysed into 
narrow components of constant frequency, characteristic ox the dtf* 
ferent molecular or ionic species present Rao • had also put forward 
a similar suggestion, comparing the spectra of pure H^04 and KHSO4. 
On the otker hand Bell and jeppesen,^ after experiments performed 
over a very wide range of dilutions, could find no trace of separate 

^ For references see Angus and Leckie, Proc. Roy, Soc,, A, 1935, i49» 317. , 

* Proc, Roy. Soc^ A, 1934. I 44 f tag. 

» Jnd. J. Phy$ic$, 193^ 123. * /. Chm. Physics, 1935. H 5 * 
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components on their microphotometer curves, and obtained evidence 
for a gradual shift. 

The chief difficulty is that the breadth of the H1SO4 lines, and the 
presence of a relatively strong continuous background in the spectrum, 
renders the usual analysis by microphotometer curves taken under 
high dispersion of little va^ue. If, however, the hydrogen in sulphuric 
acid is replaced by deuterium, the lines due to SO 4(06)1 should show 
a definite isotope shift, those due to the HS04“ ion a smaller shift, 
whibt those due to the 504“* “ ion should be unaltered in frequency. 
Then, if the dilution shifts are due to the changing intensity of different 
components of the broad lines of the Raman spectrum, they should be 
appreciably different in H4SO4 and 

The spectrum of D4SO4 is also of interest in connection with the 
general isotope effect in spectra. Deuterium substitution in acetic 
acid has been studied by Angus, Leckie, and Wilson ® and Engler,® and 
the frequencies of the lines in the spectrum of CHjCOOD are in many 
cases intermediate in numerical value between the corresponding 
values in CHjCOOH and CDaCOOD. This is particularly marked in 
the lower frequencies whTich almost certainly arise in parts of the mole- 
cule well removed from the point of substitution, and in which one 
would expect almost the same value in CH3COOH and CHJCOOD. 
This result was kept in mind during the examination of DJSO4, but 
the isotope shift in this substance is much smaller, and of the expected 
order. 


Experimental. 

The DtS04 was prepared by the interaction of SO, and 99*6 per cent. 
D, 0 . The small amount of residual protiura present cannot have any 
appreciable effect on the Raman spectrum. SO, was distilled in vacuo 
from oleum into a glass vessel until a known weight of pure SO, was ob- 
tained. This SO, was distilled directly into the theoretical weight of 
D ,0 so as to produce xoo per cent D,SO, ; the reaction proceeded smooth^ 
at C. In preliminary runs it was found that a very small quantity of 
residue, which could not be distilled over, remained in the SO4 vessel 
after the distillation ; allowance was made for this in weighmg the theoxeti- 
caUy equivalent quantities. 

The Kaxxian spectra were obtained with the apparatus previous 
employed,* using a dispersion of 20 A /mm. at 4600 A. 1*6 cx. of xoo per 
cent. DtSO, was placed in the Raman tube and its speclnun obtaxx^. 
D ,0 was added in stages to obtain the spectra of the add at different 
concentrations. These concentrations, calculated from the amount of 
D ,0 added, were not known to more than about 5 per cent, accuracy, but 
as the spectrum was not sensitive to such a concentration change it was 
considered uxmecessary to make an accurate analysis at each dilution. 
Exposures of from 6 to 70 hours ^ve^e given. For most of the plates the 
4047 A line was filtered out with sodium nitrite solution, some, however, 
were taken with unfiltered light, or with the 4047 A Une using an iodine 
filter. A fairly strong continuous background was present in all the 
spectra, and most of the Raman fines were rather diffase. By tAiring 
the mean of from 5 to xo sets of lines for each strength of acid the fre- 
quencies of most were obtained to within an error of 4 3 cm.**, but fm 
the weakest fines the error is about ± xo cm.**. The ap|»t>ximate in- 
tensity of each fine is denoted as (s)-strong, (fa)-xnedium am {/)-laint. 
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Results. 

In Table I. the frequencies (in cm.-^) of the Raman lines of D^SOt are 
compared directly with the corresponding values for HtS04 obtained by 
previous investigators. 

In D,S04 line (a) was weaker than the corresponding line in H4SO4, 
and could not be resolved. Also, the absence of line {e) in the spectrum of 

the heavy ** acid is not significant, as 
TABLE I. in HtS04 it is faint and not univers^y 

reported, although it has certainly real 

existence. The presence of line (/) in 

the 100 per cent. D1SO4 spectrum shows 

that a trace of D ,0 was present. A very 
^ small amount of water suffices to make 
this line very strong in the spectrum of 
1> H,S04, so its appearance here is clearly 

^ due to difficulty in distilling exactly 

^ equivalent quantities of DjO and SO, in 

^ the preparation. Lines {g), (A), and (i) 

g were very faint and difficult to measure 
h accurately. *Most authors on H,SO< 
i quote (g) and (h) together as a fairly 

strong, single line, but there is con- 
siderable discrepancy in the published 
values, and the presence of two lines in DgSO* indicates that Woodward 
and Homer, and Bell and Jeppesen are correct in reporting two lines here. 
The only lines showing a definite isotope shift are (fi), (c), and {d) ; these shifts 
are discussed later. The apparent shifts in (g), (A), and {») are all within ex- 
perimental error. 

Table II. gives the values found for DjSO* at different concentrations 
in D, 0 , and the corresponding figures for H^SO,. Considering the number 


H,S 04 . 


3S7 if) 

424 (m) 
S 6 o (nt) 
74 T {/) 
9^3 is) 


IZ40 (Wf) 

(f) 

1360 (/) 


DiSO,. 


4 ^^ (/) 
550 ( m ) 
7^1 (/) 
go2 (s) 

1050 (s) 
IZ 33 if) 
1192 if) 
1330 if) 


TABLE II. 


Vol. 

Per Ceot. 

1 ZPO. 

85 . 

! 

75- 

( i 

1 50 * . i 

i 1 

i i 

1 1 

1 10. 

1 

DjSO*. 







a 

405 if) 

414 if) 

4*2 if) 

423 (/) : 

437 (/) j 

— 

b 

550 (w) 

558 (f*») 

59* (w) 

390 («») 

585 («) 1 

602 (/) 

c 

7 H if) . . 

7** ifi 
903 

— 


— 


d 

902 (j) ■ 

903 (w) 

898 («•) ! 

896 (/) 

896 m 

e 

— 

— 

— 

983 if) 

989 im) 

9860 

f 

1050 ( 5 ) 

1048 ( 5 ) 

*047 (*) 

ro48 ( 5 ) 

1050 (j) 

1051 (m) 

g 

»»33 if) 

***5 if) 

1140 (/) 

1160 0 

**55 0 ) 

— 

h 

1 x 92 if) 

**50 if) 1 

*250 if) 

X228 (/) 

*244 (f) 

— 

i 

*330 (/) 

*3*9 (/) 

— 

*345 if) 

*36* (/) 

— 

HjSO,. 

a 

337 (/) 

424 {m) 

41a (m) 

4*9 im) 
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423 <*»») 

43a (*) 

b 
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57 * (**») 

57* (m) 
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590 (m) 
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c 

74 * if) 



— 

— • 
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909 (s) 

907 (w) 
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895 (/) 
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f 
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1038 is) 

*039 (X) 


*047 (*) 

g 

** 5 * (7) 
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h 

**93 if) 


*2 16 (/) 

**34 0 

*233 if) 

— 

i 

*360 (/) 

* 3*3 if) 

* 3*7 (/) 

* 34 * if) 

*337 (/) 
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of investigations that has been made on HtS04 the agreement between 
published results is not good, and in Tables 1. and II. the most probable 
values, obtained by comparing as far as possible all the data available, are 
given. 

It is clear that the D,S04 spectra show a dilution shift in exactly the 
same manner as H,S04. It is rather surprising that the bisulphate ion 
frequency (/) (about 1050 cm. "*) does not show any isotope effect — ^the values 
in the “ heavy ** acid are, in fact, slightly higher — and this anomally 
will be discuss^ later. The general isotope effect is, as might be expected, 
quite small. As dilution progressed the D ,0 band, centred at about 
2510 cm.-^ appeared and became well defined at dilutions above 50 per 
cent., this corresponds to the behaviour of the water band in sulphuric 
acid. 


Discussion. 

The effect of successive dissociation of the sulphuric acid molecule 
into bisulphate and sulphate ions was evident in the earliest Raman 
investigations on this substance, and is the most prominent feature of 
the spectrum. In addition there are two points of interest — the dilu- 
tion shift, and the effect of hydration of the acid on the spectrum. 
The explanation of tJie dilution shift advanced by Woodward and Homer 
covers the observed facts in a very sati.sfactory manner, yet since Bell 
and Jeppesen, from their extensive investigation, suggest that there 
is no evidence for the composite character of many of the lines the 
rcsiflts from DjS04 must be taken into consideration. Recently, also, 
Cartwright, in a study of the far infra-red spectrum ’ of HtS04, and 
Plyler and Williams, investigating the infra-red spectrum of heavy 
acid solutions,* have drawn attention to the probable association of 
the acid molecules with water. Cartwright suggests that the effect 
of adding water to sulphuric acid is first, the formation of some hydrated 
sulphuric acid (804)““ ~(OH)4+^, then the formation of a hydrated 
bisulphate ion {HjSOj)**, and finally sulphate ions suggest- 

ions which must be kept in mind in a discussion of the Raman spectrum. 

('onsidering the results for r)jS04 more detail, it is seen that 
frequency (a) (about 410 cm.“*) increases in displacement with dilu- 
tion in exactly the same way as in H2SO4. Woodward and Homer 
attribute this increase in H2SO4 to the presence of three components, 
one of 3B1 cm."^ due to H2SO4, a common frequency 417 cm.-^ and one 
of 452 cni.~^ due to 804”* ~ On account of the faintness of the line 
in DjSOi the actual frequency of the lower component of this line 
could not be determined. Measuring its breadth gave the lower limit of 
the line as 370 cm.~\ but this is not conclusive evidence that an isotope 
shift in the 381 cm,~^ component has taken place. Such a shift would 
have confirmed the origin of this line in the undissociated molecule; 
The agreement in the values for dilute DJSO4 and HgS04 seem to 
prove, however, that part of this line is due to the S04~’" ion. The 
value of 435 in the spectra is intermediate between 415 cm.~^ 

(characteristic of the « SO, group and found in chlorsulphonic acid 
and sulphuryl chloride) and 455 cm.-^ (characteristic of sulphates) both 
of which would be unaffected by deuterium substitution. Similar 
remarks apply to {b) and (d) (lines at about 570 and 905 
Here, and particularly with (d), there are definite isotope shifts in 
the conceiltrated acid but not in the dilute, tlius affording ^ direct 

’ /. Ch$m. Physics, * 936 . 4 * 4*3- * Ibid., p. 460. 
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evidence that these lines are composite and consist of parts attribute* 
able to separate origins in the different concentrations, one due to 
H^04, and the other to one of the ions. 

The line (c) has not been reported in many investigations of 
There is a faint, but quite well-defined line at 71 1 cm.“^ in DjS04^ 
and it seems clear that this must correspond to the 741 cm.*' line in 
H1SO4. ^ regards this line as characteristic of the undissociated 
molecule, and this assignment is probably correct since it appears only 
in the most concentrated acid and is appreciably shifted in D1SO4. 

Line (e), at about 980 cm.*', appears in both the concentrated and 
more dilute acids, but not at moderate concentrations. It is very weak 
in HjS 04, and owing to the rather more difficult experimental conditions 
was not visible in strong DjS04. Most authors reporting this line in 
the spectrum of the strong acid stress its distinct character, and state 
that it must not be confused with the strong SO4* * line of the same 
value in the dilute solution. Yet, as Cartwright ’ points out, there is 
every reason to assume the presence of the hydrate (804)** (OH)4‘*'^ 
in sulphuric acid containing only a trace of water, therefore one would 
expect the characteristic sulphate ion frequency to appear faintly in 
the spectrum of the more concentrated acid. It is significant that Bc^l 
and Jeppesen, who seem to have worked with the most anhydrous 
acid (f.p. 10*3®), do not obtain this line from their lOO per cent, acid 
but find it appearing as soon as a small amount of water is added. In 
the circumstances one must assume that line (e) has the same origin 
throughout, wi., the $04* * ion, and that its presence in the spectrum 
of concentrated HjS04 confirms the presence of the ionic hydrate. 

Line (/), the bisulphate ion frequency of 1050 cm,*', is rather more 
difficult to explain, particularly since its value is not depressed in 
D4SO4. Woodward and Horner consider that it exhibits a real dilu- 
tion shift, but the experiments with the “ heavy ” acid, in which there 
is practically no dilution effect, indicate that the variations in HtS04 
have no real significance. Cartwright suggests that the bisulphate ion 
is hydrated in solution and is of the composition (HjSOj)*, quoting 
in support of this view data obtained from freczing-point/composition 
and viscosity/composition curves. From the standpoint of the Raman 
spectrum the existence of .such a hydrate is very doubtful, since one 
would then expect a real isotope shift instead of the observed zero 
effect. It seems most p*-obablc that the line (f) arises from a valency 
vibration involving only the oxygen atoms, and is thus closely related 
to the 985 cm.*' SO4** frequency, and the frequencies at approxi- 
mately 1055 cm.*' in nitrates and carbonates. 

Since it is difficult to obtain reasonable exact values for the three 
highest frequencies (g), (A), and (f), isotope or dilution effects cannot 
be verified. The results for D1SO4 do show that (g) and (A) are dis- 
tinct, separate lines. Most investigators find that these lines become 
less intense as dilution proceeds, but in D|&04no appreciable variation 
in intensity was detected. Bell and Jeppesen alone observed this 
approximately constant intensity in H1SO4, absence of more 

precise frequency data these lines cannot be definitely associated with 
any particular ion or group. 


• Phi/. Mag*, 1935. 6ai. 
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Summary. 

The Raman spectrum of I>gS04, in the pure form, and at various 
concentrations in DjO has been determined. Certain of the lines show 
small isotope shifts, togcttier with frequency changes on dilution. By 
comparing these with the corresponding values in H,S04 evidence is 
obtained in support of the view of Woodward and Homer that many of 
the lines are composite in character. The generally accepted assignments 
are reviewed from the standpoint of the results obtained for DtS04. 

The author wishes to record his thanks to Dr. W. R. Angus for much 
helpful advice, and to the Department of Scientific and Industrial 
Research for a grant. 
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In this paper measurements of the electrophoretic behaviour of 
dispersions of tristearin are described. It was desired to obtain a repro- 
ducible “ inert ’* surface which could be subjected to a detailed ex- 
amination as the basis of similar measurements on other long chain 
compounds. Tristearin is a naturally occurring fat which is not re- 
active and which might be expected to carry a higher charge than a 
hydrocarbon. The mobility has been examined in the presence of 
various salts. Particular care has been taken to ascertain the effect 
of the hydrogen ion concentration on the mobility. The work described 
has shown that over the range Ph 5 ““ 7» which includes that of dis- 
tilled ’’ water, the mobility varies rapidly with and hence^ in 
attempting to find the effects of added salts, it is essential that the 
hydrogen ion concentration should be controlled as accurately as. 
possible. The effect of change would obviously be most marked 
with the alkali metal salts of weak acids and it seems that the signifi- 
cance of the Ph in the case of inert surfaces which owe their charge 
not inconsiderably to the hydroxyl ion has been frequently overlooked. 

Escperimeiital. 

The elactrophareais measurements were carried out macroscopicaliy 
in the apparatus described by Price and Lewis ^ using riie moving boun- 
dary method, which has the advantage of accurate temperature control. 
The main U-tube, of qualtiR, z cm. in diameter, was fitted with side arms 

^ Price and Lewis, Trans, Faraday Soc*^ 1935, ^ 775* 
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of su^cient length to prevent the products of electrolysis from the working 
electrodes from migrating into the lx)dy of the apparatus during a determin- 
ation. The main electives, an an^e of zinc and a cathode of lead 
coated electrolytically with lead peroxide, eliminated gas evolution and 
its kindred disturbances.** 

For measuring the potential gradient across the central part of the 
U-tube small platinum electrodes, which were quite reproducible, were 
introduced at either end of the main arms. The effective distance be- 
tween these had been ascertained by conductivity measurements. 

To determine the potential gradient across the main tube a known 
potential from a battery was put across the subsidiary electrodes and the 
potential in the tube was adjusted to be equal to this by varying the 
voltage between the outside electrodes. A balance method was employed 
to match the potentials, the null point being found with the aid of a capil- 
la^ electrometer. It was necessary to reset the outside voltage at ten- 
minute intervals, or more frequently in acid solutions. 

To eliminate disintegration or blurring of the boundaries through 
temperature variations, the tube was suspended in a glass trough of water, 
maintained within o-i° C. of 25® C. by an efficient circulating system from a 
thermostat. All solutions and emulsions were also brought to 25*0® C. 
before introduction into the apparatus. 

The boundaries were examined through a telescope placed i metre 
from the apparatus. On account of the thinness of the emulsions the 
tube was illuminated by a brilliant light placed obliquely at the rear of 
the trough. 

The electrophoretic data obtained are accurate to approximately 4 
per cent. 

The values were determined by the glass electrode at 25® C. in an 
oil thermostat. The gold-quinbydrone electrode was also utilised for some 
of the results in buffer solutions. The results obtained are accurate to 
0*01 Ph unit for buffer solutions and for values below 4 in unbuffered 
solutions. For unbuffered solutions the error is not greater than 0*05 
unit up to 5*5 or o-i unit above this value. 

Purification of the Tristearin. 

After a preliminary examination of several preparations, the fat em 
ployed was one specially prepared and kindly supplied by Messrs. Lever 
Bros. Ltd, This product was a smooth white odourless solid with an 
iodine value of o-6. It contained a few per cent, of tripalmitin but was 
very free from acids or unsaturated compounds. It was further purified 
by dissolving 100 gm. in ml. of pure boiling chloroform and allowing 
the solution to cool slow’y. As soon as a fair crop of solid had been pre- 
cipitated it was drained off and washed once with, a little ice-cold chloro- 
form. By removing the yield in small quantities the liability of the 
mother liquor being trapped in the solid was reduced to a minimum. The 
final separation of the fat was carried out by cooling in melting ice. The 
recrystallizations wete continued until no further alteration in the pro- 
duct could be detected, the mobility of an emulsion made from each 
fraction in the presence of AT/ioo secondary sodium citrate being used as 
the criterion of electrophoretic purity. It was found that two recry^tal- 
lizations of the first crops suffic^ to give a product of constant mobility. 
The mobility, which at 20® C. was ii*6 x lo-* cm. /sec. under i volt/cm 
for the original substance, fell after two recrystallisations to the constant 
value of 7*6 x The final product was quite odourless and gave a 

colourless solution in chloroform. As a further precaution some of this 

* For the measurements with ferrocyanide solutions the zinc electrode is 
inadmissible. It was replaced by a sllver 4 ilver nitrate electrode with a saturate 
ammonium nitrate bridge. Suitable precautions were taken to prevent the 

ammonium nitrate from entering the u-tube. 
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purified tristearin was recrystaUised from ** analar " acetone, which had 
been twice redistilled. The mobility of the fat was found to be unafiected. 

Preparatiioti of the Emulsions* 

In the investigation of the various fractions obtained in the puli'* 
fication, the dispersions were made up in an identical manner by the 
addition of 0*6 gm. of fat, in 10 ml. of boiling alcohol, to one litre of dis* 
tilled water at 75^ C. This temperature was chosen because it is just 
above the melting>point of tristearin ; below this temperature rapid 
solidification might produce the meta-stable a-form. 75® C., however, 
is below the boiling-point of the alcohol and hence there is approximately 
I per cent, of alcohol in the emulsions. It is possible that this might 
exert a noticeable effect on the mobility. Emulsions were therefore 
made up by adding the alcoholic solution of tristearin to water which was 
boiling vigorously. In this way the alcohol was almost completely driven 
off at the moment of contact with the water. Finally, a dispersion was 
boiled continuously for four hours, the evaporation losses being made up 
with distilled water, before being allowed to cool. In every case it was 
observed that the mobility was unaltered and hence the trace of alcohol 
has no measurable effect. All dispersions were allowed to stand over- 
night before buffering and using. 

It follows from the fact that prolonged boiling has no effect that there 
is no aging effect in the tristearin emulsions. In practice it has been ob- 
served that mobility measurements made after one week are the same as 
those made after 24 hours. 


<a) The Effect of pu on Emulsions of the Purified Fat in Various 

Buffer Solutions. 


The accuracy with which the mobility — curve can be determined is. 


to a large extent, 
dependent upon the 
matching of the 
of the emulsion and 
the clear liquid and 
upon the correct 
measurement of the 
various Pb values. 
It is, therefore, most 
convenient to carry 
out the determina- 
tions in buffered 
solutions and the 
effect of added elec- 
trolytes must be 
closely examined. 
For example, using 
a purified engine oil, 
Powis • found that at 
V/ioo concentration 
of sodium chloride 
the mobility is al- 
most the same as in 
the absence of any 
electrolyte, while 
Tuorila,f working on 
a hydmcarbon, ob- 
serve that at this 
concentration of 



Fig. I. — ^The mobility of Tristearin in Sodium Citrate 
and Acetate Buffers. 


* Pbwis, Z. pkysik, CAeis., 19x5, 899 91. 

* Tuorila, Kouoidckem, BstA, 44. 



1708 ELECTROPHORETIC MOBILITY OF TRISTEARIN 


Bufer. 
o Phthalott Bu^er 


sodium chloride the mobility had been reduced to about half that for elec- 
trolyte-free emulsiona. 

The buffers employed were citrate mixtures, acetate-acetic acid solu- 

ticms, and potassium 
phosphate and potas- 
sium phthalate solu- 
tions. The citrate used 
was that of S0rensen, 
diluted tenfold with 
emulsion or water as 
desired. The maximum 
concentration of sodium 
ion present was thus 
N/50 at 5^2. The 
acetate solutions were 
adjusted to be N/ioo 
with respect to the 
sodium acetate, the pa 
being reduced by pro- 
gressively replacing this 
salt with an equivalent 
amount of acetic acid. 
Both of these buffer 
systems suder from the 
disadvantage that the 
concentration of the 
added salt is different 
at di0erent values. 
It is, however, not 
possible to cover a suffi- 
ciently wide Ph range if 
the sodium s^t is main- 



t z 3 ^ 

pH 

Fig. 2. — ^The mobility of Tristearin in Potassium 
Phosphate and Phthalate Buffers. 


tained at a fxed concentration. The phosphate and phthalate buffers do 
not have this disability. A satisfactory degree of bufering with either of 
these substances is obtainable 

TABLE I. — Composition of Dispersion : 
0*02 PER CENT. Tristrarin ; N jioo 
S0RRNSRN*S CjTRATB BuFFRR ; 2 PXR 
CRNT. SucRosm. 


Temp. 25*0® C. 
Pb 3-67 


P.D. across centre tube 
6o'0 volts. Current 2*1 
miUiamps. 

Movement of tiouudaries (scale divs.) ; 


between p* 3 and 7, while keep- 
ing the concentration of the alkali 
metal at N/ioo throughout. For 
the higher p* values, increasing 
amounts of the potassium salts 
were replaced by equivalent 
quantities of caustic so^ whilst 
pg*s below 4 were secured by the 
addition of small amounts of 
hydrochloric acid. 

The supernatant liquid was in 
every case buffer solution of the 
same ionic composition as the 
dispersion. As the density of the 
di^rsions is the same as that of 
the supernatant liquid it was 
found necessary for all emulsions 
to contain 2 per cent, of sucrose 
in order to obtain clear boun- 
daries. This small amount of 
sugar has been shown by Nor- 
throp and Cullen * to have a 
negligible effect upon the ^ectrophoretic rate. 

Table 1. shows a typsoal example of a determination. 


Time 

(mint.). 

C«tbod«Umb 

(dotrnifrArdi}. 

AxkkI* Liokb 
(upwafUt). 

0 

0*0 

0*0 

10 

3*25 

3-25 

20 

65 

6-3 

30 

975 

io«o 


Mean movement : g*8S diviskuis in 30 
mins, (x scale division is 0043 cm.) 
EUdrapkortHc mobility undor 1 voUjorn. 
at 25* C. is x2’8 X 10-* cm./ssc. 


^ Kqrtluop and Cullen, Gsn, Pkysibt., xgaa, 4« 633. 
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It will be seen from the mobility — curves (Figs* I, and 11.) in the 
presence of the difterent buffer solutions that the added eiectrol^s ex- 
hibit specific effects 
although the chief 
factor in determining ^ 
the mobility is clearly 
the Pb value. In g 
phosphate and phtha- ^ 
late solutions the mo* 
bili^ is the same for 
a given value, ex* 
c^ for the slight g 
divergence at low />*. 

In these two cases ^ 5 ^ 
the amount of alkali 
metal salt present is ^ 
the same throughout. ^ 

This points to the 
possibility that in the P ^ 

case of these buffers Fig. 3. — The mobility of Tristearin in N/ioo Citrate 
the added anion is Buffer, and the effect of replacing the Citrate ion 

relatively unimpor- by sm equivalent amount of Chloi^e ion. 

tant compared with 

the efi^t arising from alteration in the concentration of the cation. 



<b) The Effect of ps on Tristearin Emulsions in the Presence of 
So^um and Potassium Chlorides. 


In order to obtain further information on the r61e played by the anion 
in the tristearin dispersions mobilities were also determined in sodium 



and potassium chlor- 
ides. Fig. 3 shows 
mobilities in the pres- 
ence of sodium chloride, 
the concentration of 
which was so arranged 
that the sodium ion 
concentration was the 
same as that in the 
citrate buffer' at the 
same p^ value. The p^ 
values of the emulsions 
in the sodium chloride 
solutions have been at- 
tained by the addition 
of the appropriate 
quantities of hydro- 
chloric acid. In the 
buffer solution the ions 
present are hydrogen, 
sodium, chk^e and 
citrate, whilst in th is 
case ^cy are hydrogen, 
sodium' and chloi^. 


f>H As the hydrogen and 

Flo. 4.— The motbility of Tristearin in N /loo Sodium eodium are adjusted to 
and masrium salts. be the same in both* 

the second case corre- 
sponds effectively to the r^lacemeot of the citrate ion of the citrate 
buffered dii^Mtfsions by the duoride ion. Fig. 3 illustrates ritie beliavioitr. 
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It will be noticed that, while the curves nm together at 5*2, in more 
acid solutions that for the emulsions buffered 'vdth citrate Ues somewhat 
below the other. 

Mobility measurements were also made using emulsions in which the 
concentration of added sodium chloride was kept at iST/ioo throughout, 
the again being obtained by the addition of hydrochloric acid. A few 
similar points are shown for potassium chloride and sodium bromide. 
(See Fig. 4.) 

It is seen that the points for iV/ioo potassium chloride and Njioo 
potassium phosphate buffer fall upon the same curve. In the same manner 
the mobility — p^ curves for N [loo sodium chloride and N/ioo sodium 
bromide are identical. Moreover the curves in the presence of N/loo 
sodium salt lie somewhat above those for N jioo potassium salt. That 
the potassium ion has a rather greater discharging effect than the sodium 
ion under similar conditions has frequently b^ observed in the case of 
inert " surfaces.* The effect is always small. In the case of tristearin, 
whilst the steepness of the mobility — p^ curves above pf^ 5 makes it 
difGicult to distinguish between the sodium and potassium curves, below 
this value the difference appears to be roughly constant, being about one 
mobility unit. 

The most striking conclusion to be drawn from the above results is 
the remarkable similarity in the effects of the different anions, particularly 
at the higher p^ values. It is not necessarily to be inferred from this 
behaviour in respect of mobility that the anions are without effect upon 
the charge density. This point is considered later. 


(c) The Mobility of Tiisteaiin at Ck>n8taiit pa at Different Salt 

Concentrations* 

In this section the effect of salts at different concentrations on the 
mobility of tristearin dispersions is recorded. Care has been taken to 

ma intain the p^ 
values constant at all 
concentrations of the 
salts for, clearly, if a 
salt of a weak acid be 
added to an emulsion 
at pg 5-6, the Ptf 
value of the emulsion 
will be displaced to 
a more alkaline value 
and, since in this 
region the mobility is 
vei*y sensitive to pn 
change, erroneous 
effects will be ob- 
served unless precau- 
tions are taken to 
keep the Pn constant. 

In Fig. 5 the 
mobility is given at 
Pm 5*4 approximately 
for diffemt concen** 
trations of sodium 

chloride, citrate and acetate. The mobility is also shown at p^ 4 for 
sodium chloride and citrate as well as for the potassium salts previously 
employed (F^. 6). The pg value of 4 was chosen far the majority of 



•Lachs and Biesyk, Z. physih. 
Chem., %92B, 1646 ; Tuoriia, he. 


141^* 441 : Briggs^ /. Pkytu. 
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the concentration curves because, while the mobility is still reasonably 
large, the hydroxyl ion concentration, which seems to be an important 
factor in the determination of the charge, is sufficientiy reduced to pro- 
vide a fair opportunity for ^ jnTmaiy adsorption of other ions. 

In addition to the potassium chloride, phosphate and phthalate curves 
a curve has been obtained for various concentrations of potassium 
ferxocyanide, and for barium chloride. 

For the measurements carried out at 5*4 the value was attained 
by the introduction of small amounts of very dilute hydrochloric acid in 
the case of the sodium choridc. For the sodium citrate it was found 
sufficient to dilute the stock solution of secondary sodium citrate with 
water or emulsion as required. The sodium acetate used was a mixture 
of nine parts of N/io sc^um acetate and one part of Niio acetic acid, 
suitably diluted. 

At p^ 4 the is readily attained for sodium chloride, and for potas- 
sium chloride, phosphate and phthalate, and also for barium chloride, a 
slight adjustment being made with dilute hydrochloric acid. The sodium 
citrate was a mixture of N/io secondary sodium citrate and Njio hydro- 
chloric acid containing 57 ml. of the salt solution to 43 ml. of acid solution 
and having a 
of 4 . This was then 
diluted as necessary, 
additional quan- 
tities of acid Ixiing 
added at the higher 
dilations. For the 
ferrocyanide mea- 
surements also it 
was necessary* to 
add one part of 
Njio hydrochloric 
acid to lo of Nlio 
potassium ferro- 
cyanide .solution 
and dilute to the 
required strength. 

The experimen- 
tal data are given in 
Figs. 5 and 6. If 
the fact that the 
mobility is sensitive 
to small pu changes at p^ 5.4 be borne in mind, it may be con«;luded that 
at this Pn ^e anions exhibit only minor specihc effects and that the con- 
centration curve is substantially the same in the three cases. At 4, 
however, the sensitivity of the mobility to is not so marked and the 
difference observed in the mobilities of sodium chloride and citrate re- 
snpectively must be taken as a real though small effect. Similarty in the 
case of the potassium salts examined all, except phthalate, give ^ same 
curve. It ts interesting to note that, when the p, is kept constant, the 
results for the mobilities in fmrrocyanide .solutions are identical with those 
for the chloride solutions. Large specific effects have frraaentty been 
assumed for this too and, in some cases at least, it seems Ukely twt the 
Pa alteration has been overlooked. It must not be assunied, liowever, that 
the substantial identity in the mobilities of potassium chloride and potas- 
sium ferrocyanide in|ers an identity of charge also, for the thickness of the 
diffuse double layer Is by no means the same for both. 


-h PoT Ch/oride. 



Fig. 6- — ^The edect of Potassium salts on the mobility 
of Tristearin at />» 4 and a comparison with that of 
Barium Chloride. 
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(d) The Mobility of Tristearin Dispereiooe in the Presence of 
the Chlorides of the Alkali Metals. 


In the previous sections it has been found that, other things being equal, 

the potassium ion ex* 

vj X L, Ci. erts a greater de^mss- 



0 0005 N Q010N 00t5N 0 OiON 

C Qr( entrahon 

Fig. 7. — ^Thc effect of the alkali metal Chlorides on 
the mobility of Tristeahn at ^ 5*0, 


ing effect upon the mo- 
bility than the sodium 
ion. The determina- 
tions are here extended 
by the examination of 
the mobilities in the 
presence of lithium 
and caesium chlorides, 
the selected being 

/>H 5-0. 

From the values 
show-n in Fig. 7 it is 
evident that the lyo- 
tropic series is being 
observed, although the 
accuracy of the deter- 
minations is not suffici- 
ently great to enable 
any quantitative rela- 
tionsMp to be obtained 
betutsen the effects of 


the different cations. Clearly, however, the caesium ion lowers the mobility 
more than the lithium ion. 


<e) The Mobility of Dispersions of Tiistearin in the Absence 
of Added Salts or Buffers. 

As the previous results have shown, there is an appreciable lowering 
of the mobility of the fat in the presence of added salts as compared wi^ 
the mobility of salt-free emulsions. Here a brief record is given of the 
data obtained when all electrolyte is eliminated except the small amount 
of acid, or for the highest p* values, of alkali, necessary to obtain the 
appropriate values. In the absence of other electrolytes, however, it 
b^omes essential to investigate the effect of carbon dioxide, or more 
particularly, of the bicarbonate ion, in the emulsions. It has been found 
that many inert surfaces increase their charge on allowing the solutions 
to come into equilibrium with the carbon dioxide of the atmosphere, 
(c/. Abramson.) • 

A preliminary investigation of the effect of dissolved carbon dioxide 
was carried out in the presence of citrate buffer, but no alteration in mo- 
bility could be detected between emulsions which were carbon dioxide- 
free and those which had been exposed to the atmosphere. Contmuing 
the examination more closely, the buffer, which might mask or prevent 
any effect, was dispensed with. The carbon dioxide-free emulsions were 
m^e from freshly distilled boiling water, and immediately after add^g 
the tristearin the ffask was tightly stoppered and allowed to cool whilst 
a stream of washed carbon dioxide-free air was drawn through. For the 
supernatant liquid employed in the U-tube boiling distilled water was 
aspirated in the same manner. Mobility measurements were made on 
tlie emulsions betwe^ Pi 6^9 and a alloi^g them to make contact with 
the atmosphere lor the shortest time possible. The mobility-p^ enrve 
was plotted, the different p^ values being obtained by adding Sttihdt>le 

* Abramson, p. 1:33. 



A. L. ROBERTS 


1713 


amounts of dilute hydrochloric acid, or above 6 of dilute caustic soda. 
The points were quite reproducible for three separate emulsions. 

The above procedure was then repeated, except that in this case the 
air drawn through had not been freed of its carbon dioxide. The points 
closely upon the first curve and illustrate that under these conditions 
the effect of the bicarbonate ion is negligible. 

Finally, an emulsion was prepared by adding the alcoholic solution to 
boiling, originally faintly alkaline, water, through which a rapid stream of 
washed carbon (boxide was being pas^d. This insured the presence of a 
fair concentration of bicarbonate ion in the water at the time of formation 
of the dispersion. The current of gas was continued until the whole 
attained room temperature. The was varied as before by adding acid 
or alkali, but in this 
case the initial pa 
the stock emubion was 
about 4*3. There was 
also a considerable 
amount of carbon di- 
oxide in the dissolved 
gas state. Thus, on the 
introduction of caustic 
soda, relatively large 
amounts were necessary 
to obtain a reasonable 
Pa change on account of 
the buffering action of 
the carbonic acid pre- 
sent and the sodium bi- 
carbonate formed. The 
mobilities are, therefore, 
somewhat depressed at 
the higher pa values 
due to the effect of the 
increasing cation con- 
centration. The experi- 
mental values are illus- 
trated in Fig, 8. At 
lower Pa values 
mobility for the carbon 
dioxide saturated emul- 
sion is higher than that 
of the carbon dioxide- 
free emulsion. This 
effect is small and is 
not imprutant. Fig. 8 
also shows that the 
mobility curve in the 
** absence “ of electro- 
lyte lies above the corresponding curve 
concentratton (JV/ioo) of sodium chloride. 



in which there is a constant 


Oiacaasion. 

The general concloston to be drawn from a consideration of the 
foregoing experiments is that the mobility is affected by added salts 
but that there is relatively little specific difference between the eff^ts 
of salts containing cations U the same valency. As far as the electro- 
phoretic mobility of the fat is concerned the effect of on it stands 
out as the main controlling factor. 
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The mobility, however, is a function of the electrokinetic charge 
density and it would seem on general grounds that the latter should 
be regarded as the more fundamental property of the system. When 
the experimental facts are regarded from the point of view of the charge 
density they assume quite a different significance, but it is first necessary 
to consider the relationship between the two quantities, electrokinetic 
charge density and electrophoretic mobility. 

The electrokinetic charge density is, of course, equal in magnitude 
and of opposite sign to the charge in the diffuse double layer, and the 
latter was first systematically treated by Gouy.’ He obtained an 
expression which gives a connection between the electrokinetic charge 
and the {-potential. The treatment is summarised by Muller • and 
for a uni-univalent electrolyte and a flat double layer the expression 
reduces to 

c = 2(x. Vc sinh {/2/3 

where a is the electrokinetic cliarge density, 

{ is the electrokinetic potential, 
c is the concentration of electrolyte, 
and a and p are constants. 

In order to relate <r and the mobility, using the above equation 
it is necessary^ to connect { and u. The Srnoluchowski relation 



where r) is the viscosity, the mobility under unit potential grad., and 
D the dielectric constant, is usually employed. This expression, how- 
ever, is open to criticism and the connection between { and u has been 
redetermined more rigorously by D. ('. Henr>^• Combined with 
the simple equation for the capacity of a concentric sphere condenser 
Henry gives the relationship between u and cr as 

_ Uff {l Ka) ^ I 
’ a f(ita) 

in which fUa) is a quantity depending upon k, the reciprocal of the 
** thickness ” of the diffuse double layer, and a is the radius of the 
particle. This equation is more satisfactory than the (iouy expression 
for the lower values of {, or «, and when na is less than 300. Above 
the latter value the two expressions arc the same but at higher potentials 
the equations of the electric field which are used by Henry begin to 
fail 

In the case of the tri.stearin dispersions it is legitimate to employ 
the usual value of the mean radius of the particles for dilute emulsions 
of this nature, namely about 5 x cm. and the correction, /(ica), is 
only of importance for the salt-free emulsions. 

Calculation shows that, in the absence of salt, the a increases with 
decrease in ; when salt is present, however, a rises very rapidly 
indeed either with increasing salt concentration at fixed value or 
with increasing p^ at fixed salt concentration. With respect to the 
variation in charge density with py^ the values of a have been calculated 

’ Gouy, /. Physique, 1910. 9, 457, 

• Mailer, Cold SMng Harbor Symposium of QuafitiUtlive Biology, p. t 

• Henry, Proc, Roy. Soc., A, 1931, 133, 124. 
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at different values in the presence of different concentrations of 
sodium chloride and also for the salt-free case. Inspection of Table IL 
shows that a is 6l e.s.u, at 
6 and 82 e.s.u. at 5 
in the absence of any 
sodium chloride* In N/ioo 
sodium chloride at p^ 6 
<7 is 1790 e.s.u. and falls to 
870 e.s.u. at />jj 5. Now if 
the primary charge were 
due solely to the anions 
present, i.e. hydroxyl and 
chloride, and if further the 
secondary layer vrere en- 
tirely diffuse, as postulated 
by (jouy, this fall must be 
due to removal of the 
hydroxyl ion from the 
surface, the chloride ion 
charge (if any) probably 
remaining cons rant. The 
loss, however, is far greater than the total charge density due to the 
hydroxyl ion, as calculated from the salt-free case.* It follows, there- 
fore, that the total dca.sity of charge on the primary layer must be 
considerably greater than the value of a calculated but that at the same 
time a proportion of the cations present have effectively annulled a 
corresponding part of this charge density. This is in agreement with 
the concept of Stern in which a .secondary rigid layer is postulated 
as well as a diffuse layer. Then in the case of the dispersions contain- 
ing a constant salt concentration the fall in electrophoretic charge 
density with decrease in p^ may be explained assuming that hydrogen 
ions enter the secondary rigid layer or that tlie primary charge density 
decreases due to loss of hydroxyl ion. It is to be expected that the 
amount of hydrogen ion so adsorbed will he a function of the initial 
magnitude of the effectiv^e primary charge, and inspection of the charge 
density table shows that the fractional fall in a with fall on p^ at the 
different salt conrentrations is indeed approximately the .same in each 
case. Attempts, however, to fit the experimental values to a simple 
Langmuir adsorption equation, of the type predicted by the law of 
ma.ss action, fail.f 

Turning to the case of increa.^ing salt concentration whilst maintain- 

Stern, Z. Elektrockem,, 1924, yi, 508. 

♦ i^though in this case the charge density is increasing with decrease in 
a maximum must be passed through as eventually, at 2 2 the mobility, and 
therefore the electro-kinetic charge density, falls to aero. Further, in the pres- 
emee of NaCl the mobility was likew^ise found to reach zero value at the same 
vis,, 2*2, indicating that the " discharging ” efficiency of hydrogen ton is far 
greater than that of the alkali metal ion. 

t It sfsems reasonable to assume that the amount of a cation rigt^y adsorbed 
in the secondary layer, besides being a function of the bulk concentxatioii of that 
ion, would be affected by the raa^itude of the priinar>' charge. Thus, on in- 
creasing the primary chatge. by raising the conccntratton of the aodinm chloride 
it ta to be expected tliat, even though the hydrogen ton concentration Were main- 
tained at a co]»itant value in the bulk, the amount of this ion rigidly adsorbed 
would increase. Such an increase would account lor the failure of the 
adsorption equation. 


TABLE II. — The Electrokinbtic Charge 
Density a in e.s.u. Calculated from 
THE Observed Mobilities in Sodium 
Chloride Solutions using the Henry 
Expression. 


Charge Den&ity. 


Pb ' 


Cone, of .VaQ. 



Ni!. j 

1 

o'OOi.V. 

j o*oo5N. 

O’OioN. 

7*0 

- ! 

2250 

1 ! 

i ^640 ) 

3160 

0-0 j 

i ^>1 i 

1090 

: 1480 

1790 

5*0 > 

82 

Ooo 

' 770 

870 

40 1 

1 125 i 

420 

490 

630 


! 160 I 

^50 

1 350 

440 

2-2 

1 ^ 

! } 

0 

1 ^ 

i 

0 
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ing a constant value, here the concentrations of the two added ions, 
sodium and chloride, are increasing at the same rate, but also, probably 
the amount of hydrogen ion adsorbed will be governed by the in- 
crease in the concentration of the sodium chloride. 


In addition to the data just discussed, in which we are concerned 
chiefly with the effect of altering the />h in the presence of a single 

A ^ _ 1 r : 1 ^ 


typical uni-univalent salt, 
TABLE III. — ^The Effect of Various Salts NaCl, the mobility data 

UPON a AX FIXED Pn. 

Charge Density (in e.s.u.). wise permit of a compari- 

erhn of \/tarioiic calfe 0 

CoQcn. N. 

NaQorUa. 

xa. 

csa. fixed p^. The resulting 

charge densities are sum- 

A, Resii 

0*005 

0*01 

0*02 

Its Obtained at ; 

770 

870 

X130 

pg a: 5 * 

1 730 

770 

lOOO 

marised in Table IIL 
(The effects produced by 
^ NaCI and LiCl are indis- 

740 tinguishable.) 

940 Considering the results 

of both sections of the 

above table it will be seen 
that in all cases there is 

Conen. N. j 

NaCI. 

KQ. 

K4Fe(CN).. ^ 

B«a,. increase in or with in- 

crease in salt concentra- 

B. Resttl 

0*005 

0*01 

0*02 

its Obtai] 

490 

630 

840 

tied at pg 

I 

490 

570 

690 j 

;« 4 . 

770 

980 

1310 

tion, even in the case of 
barium chloride, although 
in the latter case as might 
410 expected the influence 

jio of the barium ion acts as 

I a depressing agent. (It 

will be recalled that in all 


cases there is a decrease in mobility with increasing salt content, par- 
ticularly so in the case of BaCl,). Table IIL A shows that the lightly 
hydrated caesium ion finds its way more readily into the rigid part of 
the secondary layer than does the heavily hydrated lithium or sodium 
ion. In Table III. B the case of K4Fe(CN)0 is of special importance 
as showing either a primary adsorbability of the multivalent anion, 
or an enhanced removal of ion by union with the ferro-cyanide 
anion. The charge density in this case is appreciably greater than 
that for KCl although the mobilities in these two cases are indistin- 
guishable. The If term is of course greater in the case of the ferro- 
cyanide. 

Summaxy. 

(r ) The electrophoretic mobility of purified tristearin in different buffer 
solutions has been examined as a function of between the values z 
and 7. The variation of the mobility with p^ in sodium and potassium 
chloride solutions has likewise been measured. 

(2) The effects of different added anions has been found at fixed p^ 
values. The mobility is found to be chiefly a function of the salt concen- 
trations rather than of the individual ions. 

(3) The mobility has been observed in the alkali metal chloride solu- 
tions at constant p^. The lyotropic series appears to hold but the dif- 
ferences are slight. 

(4) The variation of mobility with p^ in the absence of any electro- 
except that necessary to attain the values has been determined. 

The effect of small amount of dissolved CX>| is found to be negligible* 
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(5) In connection with the relation between the electro-kinetic charge 
density a and tiie mobility, calculation shows that <r increases with 

in in the '' absence of electrol3rte, but decreases with fall in if salt 
is present. Further, o is found to increase with rising salt concentration 
at constant pf^. 

(6) In order to account for the variation in o it is necessary to assume 
either primary adsorption of the added anions, or exchange of ion in 
the rigid secondary layer by the added cations, producing a less tightly 
bound system, thus increasing the effective electrokinetic charge. Under 
comparable conditions as regards concentration, ion is much more 
strongly adsorbed into the rigid secondary layer than is any other cation. 
Exchange, in the sense of removal of ion, is only brought about when 
the concentration of the added cation is much greater than that of ion 

(7) It is concluded that the amount of hydrogen ion adsorbed in the 
rigid secondary layer is a function of the effective primary charge as well 
as of p^. 

The University, 

Liverpool 


THE EFFECT OF DILUTE HYDROCHLORIC ACID 
ON THE SURFACE TENSIONS OF AQUEOUS 
SALT SOLUTIONS. 

By J. W. Belton. 

Received Slh October, 1936. 

The calculation of the adsorption of the components at the surface 
of a ternary solution involves a knowledge of the change in surface 
tension with the concentraiton of each solute, and of the variation of the 
activity coefficients of the components with the composition of the 
solution. These data are frequently difficult to obtain, but in the case 
of certain solutions, such as those containing hydrochloric acid and 
salts, simplifications may be made and the surface adsorptions cal- 
culated.x 

It has been shown previously* that the presence of 0*1 M hydro- 
chloric acid produces a measurable change in the surface tensions of 
aqueous solutions of sodium and potassium chlorides, the ej0[ect: in- 
creasing with increasing salt concentration. These measurements 
have now been extended to solutions containing other salts and the 
surface adsorptions calculated. The surface tension of the acid solu- 
tion alone is only 0*02 dyne/cm. less than that of pure water, an amount 
of the order of the experimental error ; it might be therefore expected 
that the presence of dilute acid in strong salt solutions could be neglected. 
The effect of the two solutes on the surface tension is, however, not 
equal to the sum of the effects produced by each w^hen present separately. 

Experimental. 

The surface tensions were measured by the babbie pressure method 
previously described,* and were calculated from the expresstofi 

~ f'''*) • • ' 

where r is the radiae of die jet, ^ is 981-3 cma.laoc.*, A is the 
bobble pressore in cms. of bntyl phthalate, the nuuaometiic Uqoid. , is 

* Belton. Ti>mns. Faraday See., 1935, 31, 1413. *md.. 1648. 




1718 EFFECT OF DILUTE HYDROCHLORIC ACID 


tile density of butyl phthalate at 25'' (1*0434 gms./cx.), and ^ the drasit^ 
of the solution under examination. Two jets were used in this invem^ 
gation, one of radius 0*0102 cm.» the other 0*0104 cm. ; both were broken 

TABLE I. 


m. 

k. 

y* 

Ay- 


(a) Surface Tensions of Aqueous Salt Solutions. 


LiCl 

136 

13*915 

74*23 

2*22 

1*63 


1-88 

14*08 

75*10 

309 

1*64 


2*67 

14*31 

76-30 

4*29 

1*59 


3-67 

14*64 

78*10 

6-09 

1-66 

CaCl, 

0-37 

13*71 

73*13 

1*12 

3*02 


0*74 

13*93 

74*30 

2*29 

309 


i*ii 

1415 

75-48 

3*47 

313 


1*48 

14*365 

76*67 

4*66 

3*14 

SrCl, 

0*48 

13*79 

73*55 

1*54 

3*21 



14*065 

75*02 

3*01 

3*»4 


*44 

14*375 

76*68 

4*67 

3*25 


1*92 

14*75 

78*68 

6*67 

3*47 

BaCl, 

0-49 

13*78 

1 73*50 

1-49 

2*90 


0-965 

14*05 

74*93 

2*02 



142 

14*32 

76-38 

4*37 

307 

NaCIO^ 

0*52 

13-565 

72-36 

0*35 

0*67 


1*03 

13-62 

72-65 

0*64 

0*62 


1*54 

13-66 

72-86 

0*85 

0*55 

Na.S,0, 

0*49 

13-76 

73-40 1 

1*39 

2*84 


(b) Surface Tensions of 0*1 ^ Hydrochloric Acid — Salt Solutions. 


LiCl 

0*55 

13-67 

72*92 

( 0*90 

1*64 


1*89 

1404 

74-88 

2*87 

1*52 


2-88 

14*395 

76-78 

I 4*77 

1*65 


3*91 

*4-63 

78-05 

1 6*04 

1*54 


4*88 

» 4*94 

79*70 

7*69 

1*57 

CaC 4 

0*37 

14*025 

73*20 

1*19 

3*21 


0*74 

14*215 

74*21 

2*20 

2-96 



14^40 

75->7 

3-16 

2-86 


1*48 

14*595 

76*21 

4*20 

2-83 

SrC4 

0*48 

14*10 

73-60 

1*59 

3*31 


0-96 

14*45 

74-8 1 

2*8o 

2*92 


1*44 

» 4-303 

763* 

4*30 

2-98 


1-92 

14-615 

77-98 

5*97 

3*10 

BaCl, 

0*45 

13*74 

73-30 

t*29 

2*87 


0*82 

13*91 

74 -ao 

2*19 

2-67 


1*13 

14*095 

75 - *8 

3*17 

2-80 

NaC104 

0-50 

13*53 

1 

72-16 

0*15 

0*30 


0*96 

13*565 

72*36 

0*35 

0*36 


1*34 

13*595 

72*51 

0-50 

0*37 

Na.S,04 

0*455 

13*73 

73*23 

1*22 

2-68 

1 


* Last column in b refers to and not A|. 
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dean and were circular in cross-section. The surface tensions of pure 
water and of pure benzene found with both jets agreed with the standard 
values. Solutions were made up by weight in stoppered dasks from 
Analar salts, some of which had been further treated for the removal of 
water, and from a stock solution of o*i M hydrochloric acid. In the case 
of barium chloride, sodium perchlorate and s^ium dithionate the hydrated 
salt was used and the solution made 01 M with respect to hydrochloric 
acid by the addition of a calculated weight of acid of strength greater than 
0*1 M. For puiposes of comp^ison, parallel measurements were made on 
salt solutions not containing acid. All measurements were made at 25.® 

The results obtained are given in Table I. (a) and (b) which refer to 
salt solutions and to salt-acid solutions respectively. Each part of the 
Table gives the salt present, its concentration, m, in moles per 1000 gms. 
of watCT, the manometric reading, the surface tension (y), the surface 
tension increment, Ay, (y# — 72*01 dynes/cm.), and the value of k cal- 
culated from it. 

In each case the presence of the acid reduces the surface tension, the 
effect increasing with increasing salt concentration. The surface tensions 
of the salt solutions are given by the relation 

y ^ w, 

where is a constant, while those of the acid -salt mixtures are given by 
a similar relation in which the constant is less than A,. 


Application of the Gibbs Equation. 

In the salt solutions water is positively adsorbed at the surface, 
while in hydrochloric acid solutions, for which the surface tension 
decreases with increasing add concentration, the acid is positively 
adsorbed. In solutions containing both components we may expect 
both water and acid to be positively adsorbed. According to the Gibbs 
equation 

dy = — Fiditi — r^dnt- r^dix^ . . . (2) 

in which C,, C, and C, arc the surface adsorptions of salt, acid and 
water respectively, and ftj, and fi, are their chemical potentiab. 
If the dividing surface is drawn so that the concentration of salt is 
zero, this becomes 

dy — - r^dfif- r^dfi,. . . . (3) 

A relation .between the mole fractions (?f) of the components and their 
chemical potentiab is given by the Duhcm-Margules equation, accord- 
ing to which 

= 0 . . . (4) 

Substituting for — dfi^ in {3) we obtain 

dy=:=~rtditt + ( 5 ) 

« - r,2Rr d log fent + *0g/iW| 

^ (6) 

where /is the appropriate activity coeflScient. If tlie aefd concentration 
is kept constant and that of the salt varied 




55-55 !w»i, /»./ 


+ r,:^^RT\ 


'55-55 


V ^ Jn: 


(7) 
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The acid adsorption, JT,, is much smaller than (of the order 
and consequently the first term on the right-hand side may be neglected 
and (7) becomes 


(M.) 


55-55 



^»og/i 




( 8 ) 


The surface concentration of water for a solution without acid is given 
by the Gibbs equation applied to a system of two components 

dy = — oT, d/*. 


or 


dy 

dm 



d log /A 

dm ) 


(9) 


Further dyjdm = ki the experimentally determined constant. If the 
effect of 0*1 M hydrochloric acid on the <) log fj'bm term is neglected, 
and (8) and (9) are combined, we obtain 




-^2RT{ 
55-55 \ 


S log /t \ "I 

/mtJ 


(10) 


from which values of Fg may be computed. Values of may be 
obtained directly from the vapour pressure {p) of water over the 
solutions 


r _ _ dy _ 

dM, 


dy 


P ^ 

RTdp 


(n) 


Hence 


Rl'd log p 


The values of F^ in moles/sq. cm, calculated in this way are given 
in Table 11 . The experimental data for sodium and potassium chloride 
solutions have been taken from the previous paper.* The vapour 
pressures of water for solutions of sodium, potassium and lithium 
chlorides have been taken from the measurements of Pease and Nelson,* 
and for solutions of calcium, strontium and barium chlorides from the 
data of Hepburn.* The values of (d log have been calculated 


TABLE II. 


Salt. 

Naa. 

KQ. 

UCI. 

CaQt. 

_ 

sia,. 



8.0.. 


.r.. 

A. 

*r,. 

A- 

.r.. 

A 

•Pi 

A 

J*. 

A 

J’. 

A 

0-5 

21*4 

2O‘0 

21-5 

20*2 

20*6 

19*0 

20*0 

18*0 

24*4 

21*0 

31*3 

30*2 

1*0 

20*0 

18-5 

21*7 

20*6 

17*3 

15-8 

12*3 

11*5 

i 8 *o 

l 6*2 

22*9 

22*0 

1-5 

1 8-6 

17.2 

20*6 

19*6 

14*6 

X 3*4 

9*3 

8*9 

15*0 

13*8 

17*2 

i6*6 

2*0 

17*5 

i6*i 

10*5 

18-4 

12*6 

11*8 

7*6 

7*3 

12*9 

11*8 

13*0 

12*6 

2*3 

16*3 

13-0 

t8-6 

17*3 

11*3 

10*8 

6*5 

6*2 

ix*o 

10*1 

MM- 

— 

3*0 

150 

1 13-8 

* * 7*5 

i6*2 

10-2 

9-8 

5 ’^ 

5*3 

9*5 

8*7 

— 

MMM 

3*5 

13*8 

[ 12-8 

l6*6 

15*0 

9*3 

8-9 

4*9 

4*7 




MM. 

4*0 

13*0 

12*0 

«... 

j 

8*6 

8*0 



MM. 

-M 

•M. 

MMM 

4*5 

12*4 

*j *5 

— 

— 

1 7.8 

7*3 

— 

MMM 

i 

•MM 

— M 

MM. 

5*5 




•MM 

6*7 

6*2 

•MM 

MM. 

MMM 

! 

M— 

MM. 


•Peaw and NeUon. J.Am^r. Ohm. Soe., 193a, $4, 3544, 
* Hepburn, J, CiWm. Soc„ 193a, 350. 
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from the data of Hamed * for the above solutions ; for sodium pcr- 
chlorate*acid solutions the data of Bates and Urmston • were employed, 
and for sodium dithionate*acid solutions that of Murdoch and Barton.^ 
In all cases it was found that the value of log was small, 

and that the second term on the right-hand side of (lO) may be neglected 
with only a small error. In one case, for example the first term was 
of the order o*i X 10^®, while the second was 0*001 X lo^®. The 
values of Iog/»/^^i)t»a fiave, therefore, not been tabulated. The 
surface concentrations given in the table are smoothed values obtained 
by plotting the calculated values against the salt concentration ; they 
are given in moles /sq.cm. X 10^®. 

In all cases the amount of water adsorbed is reduced by the presence 
of acid, and by an increase in the concentration of the last. The thickness 
of the adsorbed layer in A. may be obtained by multiplying the tabulated 
values of jTj by the molecular weight of water. The area occupied per 
molecule in the layer, assuming it to be unimolecular, is given by 

Table III. gives the ratio of the area per molecule of water in the 
surface of solutions containing salt of concentration iM to that 
for salt solutions of the same concentration containing acid (A^, The 
values of for sodium perchlorate and for sodium dithionate solutions 
have not been calculated because of the lack of reliable vapour pressure 
data, but the value of AJA^ is given. These figures also give the factor 
by which the thickmejs of the adsorbed water layer is reduced by the 
addition of acid. Table III. also gives the area in A* occupied per 
molecule of water in the surface for a number of acid-salt mixtures of 
salt concentration jAf. The area occupied per molecule of water 
corresponding to an adsorption of 20 x io~^® moles/sq. cm., which 
is the value found for some of the more dilute solutions, is 8*25 A* ; the 
area of cross-section of a water molecule is of the order 7 A* and the 
adsorption corresponding to this area, that is to a saturated unimole- 
cular layer, is 23 X I0~^® moles/sq. cm, 

TABLE III. 


SaU. 

NaCl 

KCl 

LiCl 

CaC4 

SrClt 

BaCl, NdClO^ Na,S* 0 , 

A,IA, 

0’92 

0-87 

0*96 

0*95 

0*92 

0*96 o*6o 0*94 

A. 

12 

11 

16 

32 

19 

— — — 


Summary. 

The surface tensions of aqueous solutions of lithium chloride, caldum 
chloride, strontiuin chloride, barium chloride, sodium perchlorate and 
sodium dithionate, and of ternary solutions of t^ese salts and o*iM hydro* 
chloric acid have hetn measured by the maximum babble pressure me^od. 
The presence of the acid produces a lovrering of the surface tension, the 
efiect increasing with incr^unng salt concentration. The amount of water 
adsorbed at the suri^e of the ternary solutions has been calculated from 
the Gibbs equation. 

Physical Chemisi^ Department^ 

The University^ 
leeds, 

* Hamed. J. Amer. Chem, Soc., 1922, 44, 2729. 

* Bates and Uiinaton. ibid,, i955« S5* 40^* 

^ Murdoch and Barton, d>id„ 4074. 
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THE ELECTRODEPOSmON OF SHEET 
CHROMIUM. 

By R. H. Roberts. 

Received i^ih October^ 1936. 

In connection with some work on the electrolytic passivation of metals, 
the need arose for some plates of pure chromium of sufficient thickness 
to permit of prolonged dissolution of the metal. Adcock ^ has succeeded 
in preparing large quantities of the metal in a high degree of purity ; 
his product however was apparently in the form of irregular fragments 
which would require melting in a controlled atmosphere before they could 
be reduced to a form suitable for electrodes. He describes a high fre- 
quency induction furnace which served admirably for this purpose, but 
since such apparatus was not available in this laboratory an attempt 
had to be made to prepare thick, coherent layers of metal by direct 
electrodeposition. 

A search of the literature for the most suitable composition of plat- 
ing bath revealed that whilst there is general agreement regarding the 
optimum concentration of chromic anhydride, opinions differ widely 
as regards temperature, current density, and the quantity and nature 
of additional electrolytes, among which sulphuric acid, chromic sulphate;, 
sodium sulphate and even acetic acid have rccieved attention. Pre- 
liminary experiments seemed only to support this uncertainty since 
variation in concentration of sulphate or, within reason, of sulphuric 
acid had very little effect on the nature of the deposit. The tempera- 
ture, however, should not be below' 40® or above 50® C. 

Where, as here, the primary requirement is thickness of deposit with 
uniformity of surface, the shape of the cathode has been found to be of 
fundamental importance. It w'as soon evident that any cathode approach- 
ing the form of a flat plate was quite impracticable, as nearly all the 
chromium was deposited as nodular excrescences at the edges and, in 
particular, at the comers of the cathode ; even the amount of inequality 
of curvature involved ui a cathode of elliptical section (e.g. a partially 
flattened tube) was found to be sufficient to cause preferential deposition, 
generally of an irregular nature, on the areas of greatest curvature. This 
variability of thickness of deposit was emphasised at higbo* curreht 
densities. With the ideal shape of electrode high currents are to be avoided 
on account of the nodular growths encouraged under such conditions; 
on the other hand a limit is set to the minimum current which may be 
employed by a .sharp fall in efficiency of deposition. A value of 12*5 amps, 
per dcm.» was found to be most satisfactory. 

With these points in mind cathodes of brass and bronse were constructed 
to the form of hollow cylinders with the lower ends turned to hemi- 
spherical aha^. One of these was arranged in the bath to rotate about 
a vertical axis. The outer surface, on w'hich the chromium was to be 
depc^ted, was of course highly polished before immersion. 

Finrther details are probably best illustrated by the following data 
referring to one t3rpical run. 

‘ Adcock, /. Ifon rnnd Steel Inst., 1927, llg» 369. 

172a 
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Cathode : Brass cylinder 1*28 cm. diam. terminated by a hemisphere, 
immersed to a depth of 5*2 cm. (Area immersed 21 cm.*). 

Speed of rotation : 60 r.p.m. 

Anodes : Two lead sheets. 1*3 cm. wide, immersed, on opposite sides 
of cathode, to a depth of 4 cm. 

Bath : 250 g. CrO, (pure), 3 g. Cr,(S04), (anhydrous), water to 
I litre. 

Temperature : 42® C. 

Current strength : 2-2 amp. 

Time of electrolysis : 7 days (i68 hours). 

Weight of metal deposited : 16*025 g. 

Thickness of deposit (by micrometer) : At top of cylinder, 1*04 mm., 
at bottom, 0*87 mm. 

This represents an efficiency of deposition of 13*4 per cent, assuming six 
faradays per gram-atom of metal. 

The surface of the chromium was uniformly of a bright " satin type, 
except for a few' (in this instance, ten) small nodules, none more than two 
millimetres in diameter, which had the appearance of having been pro- 
duced by prolonged adherence of gas bubbles at those particul^ points. 

It must be adimitted that the time of deposition is long and the current 
efficiency not good ; for the purpose of the work in hand, however, these 
considerations were of minor importance. 

To remove the metal from the cath(xlc. slots w^ere milled through the 
chromium by means of a high speed carborundum wheel and the basis metal 
was dissolved away in nitric acid. The curved plates so formed were 
hard and brittle ; they could, however, be softened by heating in hydrogen 
to 1600 or 1700® C. The hydrogen was subsequently removed by evacu- 
ation at 900®. 

M us prat t Labor alory of Physical and Electro-Chemistry, 

University of Liverpool, 


REMARKS ON THE INCORPORATION OF 
THERMODYNAMIC VARIABLES IN 
CHEMICAL KINETICS. 


By E. a. Moelwyn-Hughes {Messel Research Fellow of the Royal Society). 
Received 2 gth July, 1936. 


Arrhenius’s conception of an energy of activation, the first point of 
contact between thermodynamics and chemical kinetics, is based on 
analogy between van’t Hoff’s expression for the temperature variation 
of a chemical equilibrium constant, namely, 


d In A „ g 

dr 


(*) 


and Arrhenius's relation for the temperature variation. of a velocity 
constant, namely, 


dlnib A 
dT ' 


• t») 


Subsequent theoretical devdopments have been concerned with the 
nature of the equilibrium which, according to Arrhenius, ^sts between 
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passive and active molecules. Arrhenius himsdf, regarding A as in* 
dependent of temperature, wrote 

ln* = lnS-^ . . . . (3) 

The thermal change, Q, which accompanies a chemical reaction is, 
however, in general a function of temperature. Consistency with the 
kinetic relation 

a: = (4) 

suggests the desirability of expressing A also as a function of tempera- 
ture, and accounts for the many early attempts made in this direction. 

Experimental Approaches to the Study of Intermediate 

Complexes. 

When, as it is not infrequently found, the kinetic order of chemical 
change does not coincide with, but is lower than, the stoichiometric 
order, the observed velocity constant must be a composite quantity, 
involving either simultaneous or consecutive changes, so that the 
Arrhenius equation can no longer have the relatively simple meaning 
which it has for elementary processes. The idea of an intermediate 
complex, possessing chemical individuality in addition to the physical 
peculiarity postulated by Arrhenius, emerged from the attempt to 
reconcile chemical complications willi kinetical simplicity. Attempts, 
which we shall now illustrate, to extric ite a single rate-determining step 
have led to the idea of an intermediate complex in connection with two 
distinct sets of phenomena.^ The potentisd reactants, A and B, are 
supposed not to undergo measurable chemical change directly but first 
to establish a state of equilibrium : — 

= , . . (i) 

The measurable rate is assumed to be that of the decomposition of the 


complex, AB, 




AB-H-C-fD. 

■ ■ (6) 

hence 

+ i^ = A,{AB) = *,K[A]{B] 


and since 

[Aj{^ ■ d/ • 

. • (7) 

we have 


. - (8) 


If C or D is identical with either A or B, the mechanism is catalytic. 
Michaelis (1913) applied this form of the intermediate-complex theory 
to the case where A is an enzyme and B is the substrate which it de- 
composes. Bjerrum and Brdnsted {1923) independently applied the 
same principle to the case where A and B are both ions, (^nerally, 
K must be expressed in terms of activities rather than concentrations 
(G. N. Lewis, 1907 ; Debye and Hiicke], 192a). Hence the K values of 

* For a review, see Moelwyn-Hnghes, TA* Kiiulics of Rooctions i* Soh$tiom, 
p. 139, Oxford, 1933. 
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equations 5 and 8 must be multiplied by a factor /, which in this case is 
related to the separate activity coefficients by the equation 


/ = 


/ab 

/a/b 


(9) 


Combining with equation (8), we may write : — 

(Velocity at ordinary dilutions) = (Velocity at infinite dilution) 


X 


/ab 

/a/b 


(9fl) 


Brdnstcd and Bjerrum differ in the choice of the rate-determining process, 
but the two views can be reconciled by adopting the stationary concen- 
tration hypothesis of Christiansen (1923)- The expression for the con- 
centration of the intermediate complex, assumed to have reached a 
stationaiy' value, is 

.... ( 10 ) 

Ex hypothesi the rate of reaction equals A:3[AB]gtat. so that 

■ 00 

When fej >* there results the Brdnsled condition 

.... (12) 

When there results the Bjerrum condition 

Aobs. ^ • • • • (*3) 


Empirical relations between velocity constants and equilibrium constants 
have also been discovered by Bronsted and Guggenheim, by Hammett 
(1928), and by Horiuti and Polanyi {1935). They signify a relation 
between energies of activation and heats of ionisation, and should prove 
helpful in ascribing energy levels to various intermediate complexes. 

As the critical complex has only a transitor>' existence, our informa- 
tion concerning it is based on theoretical inference. 


Theoretical Approaches to the Study of Intermediate 
Complexes. 

Theoretical approaches to the investigation of reactive complexes 
have been of t\eo idnds : (i) We may select any molecule or pair of like 
or dissimilar molecules, and, making ad hoc postulates concerning its 
structure, we may construct the dynamical expressions which serve to 
describe its properties, among which chemical decomposition is one. 
(2) We may place full faith on equation (4), using an accurate expression 
for if, in thermodynamic or, preferably, statistical form. Then, armed 
with a fairly complete knowledge of what feg means, we arrive at an 
expression for ki, from which the required information about the complex 
emerges. 

(1) F. Kriiger^ considers the relative probability that a labile atom in 
a polyatomic molecule may be found inside or outside a ‘^sphere of 
action,'* while A. March • makes use of the idea that the complex may 
be dissociated or not, accoriding as the generalised co-ordinates exceed 

• GaU. Nackf,, 1908, 318. • Physikal, 19^7, iS, 33. 
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or are less than a certain limiting value. Dissociation or recombination 
is represented by the passage of the representative point in opposite 
directions through a critical area in phase space. Similar ideas have 
been much further developed by Pelzer and Wigner.* The simplest 
hypothetical picture of an active complex which has been presented is 
that of Goldschmidt, ‘ who regards it as a normal molecule possessing 
an excess of kinetic energy. 

(2) Elfforts to study the intermediate complex by the second method 
have been much more numerous. As an example, we shall consider the 
theory of K. F. Herzfeld.* Using Stem’s expression ’ for the dissocia- 
tion constant of diatomic molecules, namely, 

and Trautz’s expression for the rate of combination of atoms, assuming 
zero energy of activation, namely, 

Herzfeld obtains, by means of equation {4), the following expression for 
the velocity of dissociation 

. . (, 6 ) 

If we identify the collision diameter {d) with the equilibrium separation 
(^) of the atoms in the molecule, the steric ” factor disappears, giving 
us 

= . . .(,7) 

Two special cases are of interest. When hv < kT, 

.... (18) 

an equation which was arrived at on very different grounds by Rideal 
(1920), Dushman (1921) and McKeown {1923). When hv'^hT, wc 
have 

• • • • 09 ) 

which is the simplified form in which Herzfeld applied his equation to 
numerical examples. Very similar considerations have been recently 
and independently advanced by Rodebush,® and Eyring {nuU infra). 

Entropy of Activation. 

The idea of an entropy of activation originates with van’t Hoff, 
who, however, did not give it that name. Van’t Hoff’s treatment is as 

* Z . physihal, Chsm,, B, 1932 , 15 , 445 : cf. Annual Rfiports of the Chemical 
Society, p. 94. 1936. 

FAyriA. 1919, in* 

Itnd., 19J3, 44^ 497. t Chem, Physics, 1933. 44 <>* 
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follows.* Generally, we have d In Kjdt = QfRT*, where Q is the heat 
of reaction. Since K « kfjki, 


d In d In ^ Q 

dr dr ~ RT*' 


(20) 


Now Q is usually a function of temperature ; from Hess’s equation, we 
obtain 


eT = fio + (c»-Ci)r . . . (21) 


provided (C, — Cj) is independent of temperature. We then have 


din A, din A, fi, , {Ct-Q 
dr dr RT*'^ RT 


(22) 


Neither the empirical validity of the Arrhenius equation 

din k/dT A I 


nor that of the van*t Hoff equation d In k/dT = A'jRT* + B permits of 
a resolution of the more complicated equation. Subsequent develop- 
ments have, however, resulted from the dexterous splitting up of 
equation (22) into two equations alleged to account separately for the 
two velocity constants. The resolution is intuitive, and may or may 
not be justified by its consequences. Let it be assumed that we can 
write Go = Qit write 


and 


ri In Gt I 

dT ^RT^^RT • 
d In ki Gi t 

dr '^RT^'^Rr ‘ 


(*3) 

(*4) 


Provided the heats of activation and the specific heats of reactants and 
products arc independent of temperature, we can integrate, writing 

RT ' 


Ink^ 


constant + ^ In T 


and 


C O 

In = constant -f In T — 


{»5) 

(26) 


Generally, however, neither of these assumptions is valid, so that the 
expressions for the separate velocity coefficients contain terms of the 


form 



It is in this form that the analogue of thermodynamic 


entropy appears in kinetic studies.'® 

Within recent years, Soper has drawn attention to the possibility of 
interpreting deviations from norm^ behaviour of bimolecular reaction 
in solution in terms of entropy changes. By normal reactions we mean 
those for which P in the expression k = has the order of 

magnitude unity ; Z i$ the gas kinetic collision frequency. It is pointed 
out that the thermodynamic change in free energy accompanying a 
certain reaction in a series of solvents varies in the same direction as the 
observed Arrhenius A values for one of the reactions*'^ The possible 


• Vortemngitn gfter tksontisefu und physikatiseke Ckomie, VoL I., p. saS, 
Brauoschwelg, 1901. 

Kohtistamiii and Schdteir, VeHag Akad. Wetensek, Amsiotdam, I9ii» 19* 
878 : Treats* Z. pkysiM. Ckm., 1910, 68, 637 ; Z. EkHrockom.^ 1973, 4, 

Discussion on tho Critient Inctsment, p. 43. 1951 ; Chemical Sod^. 
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temperature variation of P, which must be roughly the same as that of 
the Arrhenius J5, is later discussed,^* along with an interesting suggestion 
that values of P differing greatly from unity may be associated with 
those reactions for which reactants and products have very different 
** polarities.** Notable exceptions to the principle are cited in the 
paper, and even more striking ones could be added. For example, the 
reaction AsO, — + Te04 — ASO4 — + Te08^~, which is polarly sym- 
metrical, has a P value of the order of 10“'* instead of approximately 
unity as required by Soper’s rule. We consider, however, that this 
difficulty has since been removed by making a necessary allowance 
for the electrostatic contribution to the total free energy change. 
Although the principle may not yet be regarded as established, there 
are numerous reactions which conform to it. Quantitative application 
of the idea of entropy to explain anomalou.s reaction rates have been 
made in Soper’s most recent work.^* He considers substance i to be 
converted into substance 2 via the formation of a substance x. To 
each of these is ascribed a thermodynamic probability and W^. 

The entropies, 5^, 5, and corresponding to the three states are ob- 
tained from the general relation S ^ R In IV per gram-mole, W is 
clearly less than either or W^. Soper now assumes that the rate of 
conversion of the complex into products is proportional to 

and that the rate of reversion of the complex into reactants is similarly 

St-S» 

proportional to WJWg == e ^ . The relative probability of the re- 
action going foruard from i to 2 is accordingly 

St- S m 

e _ gSdn 

St-Sm Si-Sm * • • \ 27 ; 

giving, for the rate of reaction 

Bt-B» gStIB 

ki = conslani xe ^ ^ 

Similar expressions hold for the “ break-up factor,” and the rate of the 
reverse reaction ; the ratio of the rate constants give an equilibrium 
constant of correct thermodynamic form. In equation (28), when 
5, > 5|, the break-up factor approaches unity ; when S, < S,, we have 

jiy 

hx ~ constant X e x . . ( 39 ) 

of which the last term may be as small as we please. Omitting the 
arsenite-tellurate reaction (discussed above) Soper’s numerical results, 
at least as far as bimolecular reactions in solution arc concerned, can 
claim considerable experimental support. 

n, Williams, Proc. Roy. Soc., A, 1933, 140, 39; see also Garner, 

Phtl. Mag.. 1923, 49, 463. 

“ Roberts and toper, ibid., 1932, 140. 71. 

* 936 . 188 * 

“/.C.S., 1935 , *393. 
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In this connection, the variation with temperature of the Arrhenius 
energy of activation, E^, is of some importance. To ascribe numerical 

values to the entropy of activation from experimental values of 

is a somewhat precarious task, because the effect may be due to a 
number of causes not necessarily related to entropy of activation. An 

djg^ 

apparent value of may be due to; (i) The limitations of accuracy 

in the technique adopted for measuring k, (2) Inaccuracy in the control 
of temperature, (3) Occurrence of side reactions. 


As examples we may quote (i) The Decomposition of Aceione-dicar- 
boxylic Add, Wiig's manometric data (1928) give =* 23,350 ± 250 
calories. His titration data (1930) give = 23,200 i 500 calories. 
These are reasonable limits of accuracy for this technique (Moelwyn-Hughes 

and Hinshelwood, 1931)* hence on the evidence available, = o 


{Kinetics of Reactions in Solution, Chapter IL, 1933). (2) The Decomposi- 

tion of Diacetone-alcohol, Catalysed by Hydroxyl Ion, At 25° C., Murphy 
(1931) found £4 = 17.040, and at 30*" C., = 18,098. Hence the apparent 

value of is + 21 1 calories /degree. La Mer and (Miss) M. L. 

Miller (1935) find £4 = 17,250 at 24-9° C., and £^ = 17,240 at 30"^, hence 


^ calories, t.e., virtually zero, 
sodium thiosulphate and sodium brompropionate. 


(3) The reaction between 
La Mer^* records a high 


positive value for 


d£4 

dJ' 


Dawson (1934) Moelwyn-Hughes (1933) have 


independently stressed the necessity of allowing for side reactions in this 
case. Nielsen acting on the suggestion, finds that the correction removes 
the so-called anomalous salt effect. It is not improbable that the value of 

may also be radically altered by introducing the same correction. 


These instances have been discussed from a somewhat different angle 
by La Mer,^® 

The least ambiguous case known of a genuine value of is the 
inversion of cane sugar. 


The Frequency of Binary Collisions in Solution* 

The subject of chemical kinetics entered an important phase with 
the appearance of a well-known paper by Eyring and Polanyi in 1931. 
Within the last year, both authors have independently and almost 
simultaneously elaborated their theor>^ to cover the case of bimolecular 
reactions in solutions*®® There is agreement among these authors that 
the frequency of binary collision in solution is of a higher order of mag- 
nitude (being about 100 times greater} than the corresponding frequency 
for gaseous systems* Since this conclusion differs from an earlier one 

JV. C^. Soc,, 1933, gg, 1739. Ibid,, 1935 . Sfi, 106, 

Phyncs, 1933, ^*^9 

Moelwyu-Hugbes, Ttmm, Faraday Soe,, 1928 ; Z. physikat, Cham,, 1934. 

•• Wynne- Jcwies and Eyring, J, Chem, Physics, 1935. 3 f 49* ; M, O. Evans 
and Phlanyi, Trans, Faraday Soc„ 193$, 31, 875* 

59 • 
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which, though provisional, has been fairly widely accepted, we shall 
consider the evidence upon which it rests. 

According to Wynne-Jones, Eyring, Evans and Polanyi, the velocity 
constant of a bimolecular reaction equals the product of the equli- 
brium constant (K*) which governs the formation of the active complex, 
and a frequency term y. According to Wynne-Jones and Eyring, 
y = ir/A ; according to Evans and Polanyi, y == ft#. In either case, it 
is supposed not to be markedly influenced by a solvent. Hence, in any 
system ; 

k,^K*y (30) 

The equilibrium constant in any dilute system is 



Now, it appears that s has the order of magnitude l/ioo for a number 
of solutes in different solvents.*® If, therefore, the “ solubility of the 
transition state is assumed to have this value, and if the energy of 
activation is the same in the two systems, it may be concluded that 

Z(Mfaitkm) = 2 (gM) X about joo . . . (35) 

The conclusion is thus based on a number of postulates, including one 
which invests the reactive complex with a deflnite solubility. The 
solubility of a reactive complex, though perhaps conceivable, is not 
measurable. The conclusion sumniarised in equation (35) must there- 
fore always rest on purely theoretical foundations. 

The earlier observation, to which reference was made above, was 
based on the experimental comparison of the observed velocities and 
energies of activation of those bimolecular reactions which have been 
measured in the gas phase and in solution. Such a comparison suggoits 
that the frequency of binary collisions in the two dilute systems has the 
same order of magnitude.** 

Choice between the two views will hardly be possible until more 
extensive applications of both have been tried out. In the meantime, 
It is a matter of convenience to place side by side the various evidences 
advanced in their favour. 


Cf, KineHcs of JUactiom in Solution, p. 13J. 

Kvans and Polyani, Trrnnt. Faraday Sac*, 1936, 3a, 1333. I have 
^ aethoTB for sending me their MS. before pnblkatioii. 

•» C/. Acta Pfysicockimica, U.S.SJt., 1936^ 4, 173. 
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A Proposed Method of Determining the Entropy of Activation* 

Eyring ^ deduced the following formula for the velocity coefficient 
of chemical reactions of any order : — 

kT 

Velocity constant = -g- . AT* . . . (36) 

K* is a specially defined equilibrium constant, which, for systems under- 
going simple motions, can be readily expressed in terms of partition 
functions. Eyring’s general equation, which has proved a stimulus to 
thought on the subject of reaction kinetics, is particularly attractive in 
virtue of its generality." It may be regarded as a generalisation of 
Herzfeld’s velocity equation (16), in the same sense as Fowler’s equili- 
brium equation " is a generalisation of Stern’s equation (14). On 
applying equation (36) to the case of bimolecular reactions, Eyring 
shows (p. 1 14 of his paper) that the resulting expression reduces to the 
familiar classical expression, as, of course, it should be if equation (36) 
is at all general. It is true that the classical result emerges only after 
certain postulates arc made, but these are no more severe than the 
postulates which underlie the deriva'tion of the general equation (36). 
Accordingly, Eyring’s quantum treatment and the old classical treat- 
ment may be regarded as harmonious and complementar>^" 

The application of Eyring’s general theory to the specific problem of 
bimolecular reactions in solution was undertaken by Wynne-Jones and 
Eyring," who accept the velocity in the gaseous state as a standard. 
To relate this to the velocity in solution, Henry’s law (equation 32) is 
introduced. This approach is based on reliable experimental founda- 
tions, and follows, as we have seen, the scheme proposed by van’t Hoff. 
The complexity of the dissolved state of matter makes it expedient to 
replace statistical partition functions by thermodynamic variables. The 
physical picture of the solvent effect is presented in two ways, vis. (l) 
union of solute and solvent molecules to form a larger active complex 
than is formed in the gas phase, or (2) the motion of the complex or of 
its constituent parts in a field of force different from that prevailing in 
the gas phase. Ether treatment simply has the effect of increasing 
the number of degrees of freedom ” (p. 495). Here again, we are on 
fairly well* beaten tracks. “ The role of the solvent in chemical Unetics 
has not yet been definitely correlated with any physical properties, and 
seems to belong to the category of specific chemical effects, which range 
from the formation of complexes, on the one hand, to an apparently 
inert or purely diluent influence on the other. The suggestion can 
therefore be made that the vatying values of F (degrees of freedom) 
from solvent to solvent may indicate in a quasi -quantitative manner the 
extent to which the solvent enters into partnership with the reactant 
for purposes of decomp^tion.”" A new principle which is employed by 
Wynne-Jones and Eyring may be enunciated as follows : the reactive 
complex resembles, or differs from, the products of reaction according 
as the entropy of activation, AS* (calculated from kinetic data by a 
method described l^low) resembles or is different from the entropy of 
reaction, AS (calculate in the usual thcrmod>mamic manner from experi- 
mental data on equilibrium constants). Their treatment of bimolecular 

Cke$$n$ai Pkysici, I935» 3 * 

Annmi on Process 0/ Chemisiry, p, 94, 1935). 

•• Statisiicii Mschsnics, p. lod, Cambridge, 1929. 

»» Modwyn-Hoghes, i932» 
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reactions is based on a quantitative comparison of and A 5 . Their 
method of calculating the entropy of activation, A5*, is as follows. 

Omitting the transmission coefficient, jc, which is throughout the 
paper taken as unity, the theoretical expression proposed for the 
bimolecular velocity constant is 



kT 

■ ■ ( 36 ) 

Substitution of 


• ( 37 ) 

gives 

^ h ' 

• (38) 


An examination of the figures reproduced under AH* in Table II. 
(p. 499) makes it clear that AH* is identified with the Arrhenius energy 
of activation, hence the theoretical expression for the bimomolecular 
velocity constant is 

= . . . (39) 


The units of entropy, we may infer from Table L (p. 498), are calories 
per mole-degree, since Soper*s figures, which are there reproduced, arc 
known to be in these units. According to the classical theory, bimolc- 
cular reactions with normal velocities have coefficients given by the 
equation 




1000 ' 1 »' \ u 


( 40 ) 


The units of in equation (40) are litres, gram-molecules and seconds. 
Moreover, for molecules of ordinary masses and radii, the term 


1000 





is known to be about 2 X lo" litres per gram-moleculc-second. We 
thus have, for bimolecular reactions with normal velocities, 

X lo“ X «“**'**’. . (40a) 

At ordinary temperatures, kTfh is approximately 6 X I0‘* seconds"*, 
hence the expression of '**ynne- Jones and Eyring is 

ik, = 6 X I0*‘ X X . ( 39 a) 

h 2 X 

Eliminating and we have = Z . therefore 

AS* = — 6*9. Hence Wynne-Jones and Eyring conclude (p. 499), that 
“ when the reaction rate is just equal to that calculated by Moelwyn- 
Hughes (f.r., calculated by equation {40)) the entropy of activation is 
seven units,” and that ** for a bimolecular reaction at 50-100^ C a 
kinetic theory collision diameter of aA. is equivalent to an entropy of 
activation of 6*9.” 

To take a numerical illustration of their theory, we shall apply it to a 
particular example — ^tbe union of triet^ylamine and ethyl Immide in 
benzene solution ; (CiHJ»N + (CHgl^N Br, The ejcperimental 

results, in litres per gram-molecule-second, may be written in the form : 

Afi as 1*47 X lo* X s-iifW/inr, 
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Taking the experimental temperature as 331^ Abs., and comparing with 

hT 

X e-n,iwiRT 

it is found that AS* = — • 48*8. 

If the theory of Wynne- Jones and Eyring is substantiated, it em- 
bodies a new principle, the importance of which has not hitherto been 
recognised, in that reacting systems differing as widely as the following, 
vis., (HI+Hl), (H* + Br), (CHjCHO) and (NH4+ + CNO-) have all 
the same entropy of activation. The validity of the theory has, how- 
ever, been challenged and further defended.** The criticism draws 
attention to the dimensions and units of k, in equation (39). The reply 
deals with the subtraction of certain constants which is necessary when 
A 5 and AS* are compared, but to which no reference can be found in 
the original work. A recalculation of the published figures shows, 
however, that the constant in each case is zero. While this difference 
of opinion continues, the matter must be considered sub judice. 

The Influence of Pressure on the Kinetics of Reactions in 

Solution. 

Fawcett, Gibson, Perrin and Williams ** have recently studied the 
iiifiuence of high pressure on the velocity of numerous reactions in 
solution, which had previously been examined under ordinary conditions. 
Our experimental toowledge has thereby w’idened considerably from 
the somewrhat narrow limits which formed the basis of our previous 
discussion of this subject.*^ 

The general outline of the theory of the pressure effect has been 
given by van’t Hoff,** whose treatment we shall here reproduce, using 
the newer notation of Lewis and Randall. Consider the equilibrium 



it 

A -f B 2 ! AB 

*1 




lAB] 

[Apj-V ■ ■ 

• 

• ( 41 ) 

We employ the two thermodynamic relations 




^F==-RTlnK . 

. 

. (42) 

and 

AF = A£ + P^V - T^S . 

. 

• ( 43 ) 

which give us 

/d In K\ 

\ dP )t PT ■ 

- 

. ( 44 ) 


van’t Hoff points out that this equation is in satisfactory agreement 
with results on the pressvirc-coefficient of the electromotive force of a 
reversible cell. Qualitatively, the principle may be stated as follows : 

»• Moelwyn«Htighea, /. Chemical Physics. 1936. 

•• Wynne- Jones and Eyring, ibid.. 1936 

••Fawcett and Oitieon, J.C.S.. 1934. 386; Gibson. Fawcett and Perrin 
Proc. Roy, Soc., A, 1935, tge, 223 ; WilHams. Perrin and Gibson, ibid.. 1936. 

154* 684. 

•* Kii9S(ics o/RooeHoms 4m Soiuium. p, 256, 1933. 

•• Vorksungsn Mor tkoomiische und pkysihedischs Chemm, i, 236. Braunschweig^ 


1901. 
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a reaction which is associated by a decrease in volume AV is negative) 

is favoured by an increase in pressure, and tfice v^sa. So far, we are on 
purely thermodynamic grounds, limited by the provision that AV does 
not depend on the pressure. We may go one stage further in the general 
argument. By definition 

. . . . ( 45 ) 

where Fj is the volume of the initial system, and F* that of the final 
system. This equation may also be written as 

AF=(F,~F*)-~(Fi^F*) . , . (46) 

in which F* is an arbitrary volume. Combining with equations (41) and 
(44), we have 



The resolution of this equation into two separate ones, purporting to 
hold independently for the direct and reverse reactions, is again an 
assumption, which may or may not be vindicated by its consequences. 
The splitting up of equation {47) is equivalent to giving F* an unique, 
as distinct from an arbitrar>% value. Making the assumption, we obtain 


dln%,__ (F* - F,) 

dP RT 


(48) 


d In 

dP ^ 


RT 


These relations imply that the velocity of chemical reaction increases 
on raising the pressure, provided the volume, F*, of the active molecules 
(in the Arhenius sense) is less than the volume, F^, of the reactants, 
van’t Hoff concluded that the data available to him were insufficient to 
test these equations. 

Williams, Perrin and Gibson find equation (49) to be obeyed in the 
case of the reaction between acetic anhydride and ethyl alcohol in toluene 
solution at 40® C., up to pressure exceeding 8000 kilograms per sq. cm. 
The agreement in the second example given by them (reaction between 
pyridine and ethyl iodide in acetone solution) is approximate only. 

Just as the temperature coefficient of any velocity constant is best 
reflected by the (Arrhenius) energy of activation, E^, the pressure 
coefficient is most conveniently shown by the volume change attending 
the conversion from normal to active molecules. In Table L we give 


TABLE I. 


Ke«cttoa. Sohrtnt. ex. Pm 

Gnmmoi, 


Hydrolysis of methyl acetate, catalysed by N . HCl Water . — 9*o 

Hydrolyse of sucrose, catalysed by N . HC! • . Water . . -f 

Reaction between acetic anhydride and ethyl alcohol Ethyl alcohol — 16*5 
M M Tolune . . — ia*5 

M >. Hexatie . — 4 * 1 ^ 
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the values for the volume increase {V* — Tj) calculated for certain 
reactions by means of equation {49). The velocity constant and pressure 
data for the first two reactions are cited by van’t Hoff ; ** the corres- 
ponding figures for the remaining reactions are those recently deter- 
mined by Fawcett, Gibson, Perrin and Williams. 

It is now a matter of interest to study these figures in the light of the 
molecular statistics of the various reactions. Which of them we regard 
as fast or slow, depends, of course, on the collision frequency which we 
consider appropriate. If we accept the conclusions of Evans and 
Polanyi,** the hydrolysis of sucrose may be regarded as having a normal 
rate, the others exhibiting varying degrees of slowness. If we accept 
the gas kinetic value, or, at least, a figure of that order of magnitude, 
the hydrolysis of sucrose must be regarded as rapid,*® the hydrolysb of 
methyl acetate as slow,®® and the reaction between acetic anhydride 
and ethyl alcohol also as slow.®® Gibson, Fawcett and Perrin noted 
that the velocity of the slow reactions which they studied (adopting the 
gas-kinetic collision frequency as a standard) was increased by raising 
the pressure, and that a reaction with normal velocity (judged on the 
same basis) was much less influenced. We cannot reproduce (F* — - 
for that reaction, because equation (49) is not obeyed. In view of these 
findings, particular interest attaches to the positive value of (V* — Fj) 
obtained from Rdntgcn’s data for the velocity of the inversion reaction 
(Table I ), If we adhere to the same definition of normal velocity, we 
see that the only negative pressure coefficient hitherto recorded for a 
bimolecular reaction in solution refers to a reaction which is very fast. 

A comparison of calculated rates w'ith the experimental values found 
for the unimolecular decomposition of phenylbenzylmethylallylammonium 
bromide in chloroform solution showed the reaction to belong to the 
** fast group.®® Williams, Perrin and Gibson ^ find the coefficient 
dikj/dP to be negative. 

As far as the accurate, though not very extensive, evidence admits 
of a conclusion, it is that the vanT Hoff relation (49) represents with 
fair accuracy the majority of the results. Moreover, bimolecular re- 
actions which belong to the slow^ class have a positive coefficient dfe/dP ; 
bimolecular and unimolecular reactions belonging to the fast class have 
a negative coeJficient dJfe/dP. The tw^o reactions belonging to the 
normal class which have been examined are these between ethyl iodide 
and sodium ethoxide, and between sodium chloracetate and sodium 
hydroxide. Upon these, the effect of pressure, though not zero, is very 
slight, e.g.^ a pressure of 3000 kilograms /sq. cm. roughly doubles the 
rate. In both cases, it must not be overlooked that some of the reacting 
ions are in equilibrium with the solvent, giving, for example, undis- 
sociated molecules of chloracetic acid and of sodium ethoxide. Since 
these are themselves capable of reacting, it is possible that the slight 
influence of pressure on the reacting system affects first the equilibrium 
constant, and alters the observed velocity indirectly. 

Special mention must be made of the value (V^ — F^) « -f 27 cx. 
found from R 5 ntgen*s data on the inversion of cane sugar. In the first 

Moelwyn-Hughes, Trans. Faraday Soc,, 1929. a 5 » 81. 

Christiansen, Z. pkysikai. Ckem.J 1924 ; 1 13, 35 : Moelwyo-Hughes. Phil. 
Mag., 1932 . 14, zi 2 . 

^ Moel^n-Hughes and Hinshelwood, J.C.S., 1932, 230; Moehryn^ughes 
and RoUe» tM./p. 24X. 

»* von Halban, Bar., 1908, 41, 2417 ; Moelwyn -Hughes, 1932, 95. 
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place, we note that, according to van’t Hoff’s theory, the volume, V*, of 
the reactive complex must be greater than the combined volumes, Fj, 
of the hydrated sucrose molecule and the hydrated hydrogen ion. 
Structural organic chemistry has shown that the reaction entails the 
opening of a furanose ring, and the subsequent closing of the chain-like 
structure into a pyranose ring. This conclusion is consistent with our 
deduction, and suggests that not only the reactive complex but the 
final products also may have a larger volume than the initial reactants. 
In the second place, we estimate the total dilatometric change in volume 
AV = (V2 — Vi) accompanying the inversion of one gram-molecule of 
sucrose in a 20 per cent, solution at *15° C. to be +1*9 c.c. (Data of 
Fresenius in Landolt-Bornstein’s Tables.) By equation (46), we have 
(F* — F2) == + 0*8 c.c. If equation (49) holds, the rate of the catalytic 
synthesis of sucrose must also be influenced by hydrostatic pressure — a 
circumstance which may partly account for the inadequacy of the 
ordinary methods of organic chemistry to accomplish this synthesis. 

A Reformulation of the Methods of Introducing Thermodynamic 
Variables into Expressions for Reaction Velocity Constants. 

As a starting-point we have to select the most plausible assumption 
from the large number that have been made. We shall assume, with 
most investigators, that the velocity of reaction is proportional to the 
number of molecules or of complexes for which the (Helmholtz) free 
energy, F, has reached a certain critical value. Hence, by analogy with 
equation (42), 

k = constant X . . • (50) 

Introducing equation (43), we obtain the relation 

k = constant X . e^svR . . (51) 

where A denotes the difference between the property for the passive and 
active molecules. Applying this relation to the case of bimolecular 
reactions, we shall accept the view advanced by Rodebush that the 
undetermined constant of equation (51), multiplied by a term 
represents the thermodynamic equivalent of the collision frequency. 
We then have 

. . (52) 

ASj* is the remaining fraction of the entropy change. This step differs 
fundamentally from that taken by Wynne-Jones and Eyring. Our 
knowledge of the increase, A£*, in internal energy associated with the 
change from ordinary to activated molecules, is derived, as Arrhenius 
showed, from the temperature variation of Jfej. Similarly, our knowledge 
of the increase, AF*, in volume associated with the same change, is 
derived, as van’t Hoff showed, from the pressure variation of By 
elimination, it should be possible to learn something of the product 
Z^R**IR^ and by induction, to ascribe a value, if not a meaning, to the 
“ entropy of activation,” AS2*- Equation (52) gives directly van’t Hoff’s 
equation for the influence of pressure on the reaction velocity (equations 
48 and 49) ; when AF* is zero, we have an equation of the form pro- 
posed by Soper (equation 28), and elaborated by La Mer. Equation (52) 
differs from that of Wynne-Jones and Eyring in that they use the 

•’ Haworth, Constitution of the Sugars, 1929 ; Armstrong and Armstrong, 
The Olykosides, 1935. 
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frequency kT jh instead of the collision frequency Z* ; in other words, 
their evaluation of what we have termed {constant X differs from 

that of Rodebush, and from that given in Eyring’s general theory. 

Let us now consider a case of symmetrical equilibrium,*® such as 
exists between a-glucose and jS-glucose in water. The heat effect is too 
small to be detected by ordinary calorimetric methods ; the equilibrium 
constant, is unaffected by temperature and, to the best of our 
knowledge, the volume change is zero, i.e., AF = — F* = o. 
Accordingly, pressure should have no effect on equilibria of this kind. 
Experiments have not yet, however, been directed to test this con- 
clusion of vanT Hoff's *• “ Bet Reaktionen ohne V olumendnderung fiele 
also diese Faktar [PAF] weg und so ware aach liter die gegenseitige Verwand- 
lung von optischm Isomeren z.B, der theoreiisch einfache Fall ” (p. 237).** 
At atmospheric pressure, the significance of the ^netics of these simple 
reactions has not been overlooked. They all have velocities equal to 
those given by the expression 

^2 = Zj . ^ . (53) 

in which is the Arrhenius energy of activation and Zj is the gas- 
kinetic collision frequency.^ From equation (52), it follows that ASj* 
for these reactions is zero. According, however, to the theory of 
Wynne-Jones and Eyring, where the reaction rate is just equal to that 
calculated by Moclwyn-Hughes (f.e., by equation (53)) the entropy of 
activation is seven units ” seven calories per gram-molecule per 

ilegree). As mentioned above, we have no information about the 
volume change AF* in these cases. Should experimental work on the 
pressure effect confirm van’t Hoff’s view, we may conclude from equations 
(52) and ^53) that A£* = i.e., the Arrhenius energy of activation 

for these reactions gives a direct measure of the increase in internal 
energy a.ssociated with the conversion from normal to active states. 
.An assumption of this nature has, of course, underlain all attempts at 
determining the absolute rate of reactions in solution. In questioning 
the validity of the Arrhenius assumption, La Mer has omitted all 
reference to isomeric reactions. 

Let us .finally re-examine the pressure effect in the light of equation 
(52). Comparing it with the semi -empirical relation 

.... ( 54 ) 


we obtain the relation 

= AE- + PAF-{, - rC^)^ - J ( 55 ) 

•• Kinetics 0/ Reaction in Solution, Chapter V. 

** Dr. Gibson explained to me some years ago the nature of the technical 
dithculties which it has not yet been possible to overcome. 

“ Mutarotation of Glucose in Water/* Moelwyn-Hughes. Phil. Mag., 

14* 112 : Mutarotation of Bervllium Benzoylcamphorjn Carbon Tetra- 
chloride Solution/’ Lowry and Traill, Proc. Roy, Soc., A, 1931, 13a, 398 ; Trail, 
Phil. Mag./ 14^ 22$ ; ** Beckmann transformation of Benzophenoneoxime 
Picryl Ether/* A. W. Chapman, J.C.S., i934» 1550 ; ibid., 1935, 1223 ** Mutarota- 
tion of Glucose in Heavy Water.*’ Moelwyn-Hughes. Bach and Bonh< 5 effcr, 
Z. physikal. Chem., A, 1934, 113 : Moelwyn-Hughes, ibid., B, 1034. a6, 

272, 

Hildebrand,. 1924, p. 102 1st Ed. 
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r(^) may be identified with the internal pressure,*^ hence 

= A£* + I - J - ttAF* . (56) 

The internal pressure for pure acetone is about 5*8 X lo* dynes/cm.* 
and for ethyl alcohol about 13 X lO* A hydrostatic pressure of 3000 
kilograms per sq. cm. is 2-94 X lo* so that under high pressure con- 
ditions 7r and P are commensurate. Whether the Arrhenius energy of 
activation, increases or decreases as the pressure is raised depends 
on the sign of the volume increase, AF*, and on the sign of the term 


inside the bracket. 


/dK*\ 

Unfortunately, 


is not known, but the 


variation with temperature (without the restriction of constant pressure) 

of van’t Hoff’s AK* may 
TABLE II. be found from experi- 

mental data. They arc 
shown in Table IL It is 
of interest to observe that 
for these two reactions the 
term within the brackets 
has opposite signs ; so 
also has the experimental 
coefficient dEJdP. The 
corresponding expression 
for p (equation 54) can 
be readily obtained.^* An 
attempt to determine 
either AE* or P numeri- 
cally requires a knowledge 
of quantities which are 
not yet available, as, for 
example, the value of 


Temperature (*C.). 

(C.C.). 


Reaction between Pyridine and Ethyl Iodide 
in Acetone 

30 1 

— 16*52 

i 

-f 2*90 

40 

- 17-57 

+ 279 

50 

- 18-59 

+ 2 - 7-2 

60 

19-59 


Reaction between Acetic Anhydride and 

Ethyl Alcohol in Ethyl Alcohol 

20 

- 16*83 

— 0*66 

30 

- 15-92 





for the reacting 

system (as distinct from the solvent), and the functional relationship of 
TT to P. . 

The logical introduction of thermodynamic expressions into the 
study of reactions kinetics can thus yield information concerning pro- 
perties of active molecules, other than the energies and volumes, with 
which Arrhenius and van’t Hoff were primarily concerned. 

The Department of Colloid Science, 

The University, 

Cambridge, 


See Moelwj^n -Hughes, Proc. Roy, 5 or., A, 1036, 155, 308. 



FORMATION OF DEHYDRATION NUCLEI ON 
CRYSTALS OF CHROME ALUM. 

By J, a. Cooper and W. E. Garner. 

Received I 2 th October^ 1936. 

Nuclei formed on the surfaces of isotropic material are usually circular 
in shape, growth in this case being uniform in all directions along the 
surface. Where, however, there are marked divergences between the 
rates of growth for different directions in the crystal, the nuclei may 
possess a complex outline, as was found for CUSO4 • 5^sOi where they 
are star-shaped on the surface of the (no) plane, ^ and ® for NiS04 . 7H2O, 
where they are elongated discs. The conditions under which nuclei 
form and grow in size have already been investigated * in some detail 
for crystals of CuSOi . sHjO and NiS04 . 7H2O, and in these cases it 
has been shown that there is an induction period before the nuclei 
become visible, and this has been ascribed to an abnormally slow rate of 
growth of the nuclei when very small. It is possible that induction 
periods in solid reaction occur only when the nuclei possess a complex 
irregular shape, and not at all when the nuclei are spherical. This might 
be the case if the strains set up by uneven growth of the nuclei were 
responsible for the acceleration of the rate of nuclear growth. It was 
therefore important to carry out an investigation on some hydrate 
where the rates of growth in all directions were the same, and crystals of 
chrome alum have been chosen for this purpose. 

Experimental. 

A saturated solution of Kahlbaum's Puriss Chrom Alum 
(K*S04Cr,(S04),24H,0) 

wa made in distilled water, and this was allowed to crystallise in an air 
thermostat under such conditions that the solutions were protected from 
dust. The surfaces of the crystals were very delicate, and it was found to 
be impossible to employ the method of drying adopted previously with 
copper sulphate for they become scratched under this treatment. Also, 
the method of draining used by Gamer and Southon was found to be 
ineffective in this case. The method finally adopted was to remove the 
crjTStals from solution and place them for a very short time in distilled 
water (about i second) and then place one face of the crystal on soft filter 
paper. This ensured that drying occurred mthout scratching. So pre- 
pared, the crystals could be stored in a desiccator over powdered chrome 
alum for several weeks without decomposition occurring. 

The vessel used for the study of nuclei formation was the same as that 
used previously. The crystals were exposed to a high vacuum, which is 
attained within a few seconds of applying the pump, and the nuclei formed 
are observed either visually or photographs are ts^en of them at suitable 
intervals of time. In most cases 15 to 20 photographs were taken during 
the coarse of a single experiment. Usually about 50 nuclei were formed 
within the field of vision of the cathetometer. 

* Bright and Garner, /.C.S.. 1934, 1872. 

• Garner and Southon. /.C.S,. 1935. 1705.^ 
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Experimental Results. 

The nuclei are circular in shape, as would be expected for a cubical 
crystal (Fig. x), but since the rate of ^owth into the interior is not so rapid 
as along the surface, due to retardation of the escape of water through the 
var3dng thicknesses of the dehydrated product, the nuclei actually consist 
of flattened half spheres. At an early stage in the ^owth of a nucleus, a 
cavity forms in its centre, and this is wefi shown in Fig, i. The nuclei 
possess a diffuse and somewhat irregular edge, indicating that the area of 
the interface between the hydrate and its product is quite large. There 
are differences between the rates of growth in different directions along the 
surface, but these are, however, small and of the order of 2-4 per cent. 
The lack of uniformity in the growth suggests that there are discontinuities 
within the crystal lattice. 



Rates of Growth of Nuclei. 

Measurements of the rates of growth made visually indicated that the 
nuclei, grow abnormally slowly when small, and do not increase in size at 
a linear rate until they are above lo-* cm. in diameter. It was therefore 
decided to carry out measurements by the photographic method in order 
to measure accurately the changes in the rates of growth of the nuclei. 
About twenty exposures are taken of a dehydratii^ crystal at suitable 
intervals of time, and for each crystal, ten nuclei are chosen, and the 
diameters of these measured on each exposure. For each nudeus a plot 




0*4 mm. diameter. 



Magnification 3. 
Fig. 1. 


I T o face pa^e 1 740. 
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is made of the size against time and in order to obtain greater accuracy, 
the plots for the ten nuclei are combmed in a composite curve. The 
origin of the nuclei on the time asds varies from case to case, and in order 
to obtain the composite graph it is assumed that the nuclei ^ways require 
the same time to reach a particular size. The assumption appears to be 
justihed both by the photo^phic and visual observations. Three com- 
posite curves arc shoMm in Hg. 2, and it will be seen that the rate of growth 
is exponential at hrst, becoming linear above lo-** cm. 

Rate of Nucleus Formation. — ^A number of measurements have 
been made at 14'’ C. of the increase in number of the nuclei with time. 
After an induction period of about 30 minutes, the increase in number 
was practically linear (Fig. 3 if), as was found previously for CuS045H,0. 
The behaviour is, however, in sharp contrast with that of nuclei on 

NiS 047 H, 0 , 



mmut^s 60 60 40 JO 20 fo 0 

DfOfnekr imt' 

Fig. 3. 

where the number increases as the square of the time. The induction 
periods were not, however, very reproducible, so that no attempt was 
made to measure tamperature coefficients. 

It has been shown that the nuclei grow at a linear rate when above 
io~* cm. in diameter, so that the size of any nucleus is a linear function of 
tiie time which has elapsed tince it started to grow at a linear rate. There- 
fore, if the diameters of adl of the nuclei be measured at any hxed time, as 
can be done from the photographs of the dehydrating crystal, and the 
number above a given size be plotted against size, a graph should be 
obtained of the same form as that obtained when plotting numb^ against 
tune. This is done in Fig. 3 B, and a linear relationship is seen to be 
obtained for the nuclei above cm. in size. This confrrms tiie con- 
clusion tiiat the number of nuclei increases linearly with the'time. 


Discttssloii. 

The slow rate of growth of small nuclei as shown in Fig. 2 is of con* 
saderable importance for the interpretation of the nature of induction 
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periods in solid reactions, and it is therefore worth while considering the 
theoretical significance of these slow rates of growth. 

A possible explanation of the phenomenon is that it is due to a 
negative tension set up in the interface by the tendency to contraction 
of the product. If this tension is constant, the problem may be treated 
thermodynamically, as was done by Kelvin to account for the change in 
vapour pressure with variation in the radii of small drops. For small 
drops, -RTlog^p/po = 2M5/rp, where p is the vapour pressure of a 
drop of radius r, the ordinary vapour pressure, and M the molecular 
weight of the vapour, 5 the surface tension, and p the density of the 
liquid. In the case of a nucleus on the surface of a crystalline hydrate. 



3 fo £:o so 40 

5 fO 20 so 40 


0 to £0 

f , fufut - // / X cnf ^ 

Fig, 4. 

p is the dissociation pressure of water vapour at the interface for a nucleus 
of radius r, p^ the ordinary dissociation pressure for a plane surface and 
5 the tension in the interface, and since Af, 5, T, p and p^ are constants, 

which gives the variation of the dissociation pressure with curvature. 

Now the rate of growth of the nuclei in hard vacuum is proportional 
to the rate of evaporation of water molecules from the interface, and since 
the latter is proportional to the dissociation pressure it follows that 

i?r log dr/d/ « Ai/r + 

and the graph of log^od^/d/ against i/r should give a straight line. 
Such plots are given in Fig. 4 for the nudei observed on three films and 
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within the experimental error it will be seen that there is agreement with 
the thermodynamic argument. Three values of the slope k are obtained, 
— 3*83, — 2 * 37 , — 2*83 X 10“*, which give a mean value of 

— 2-68 X I0“* cms. 

2 

Since k = it is seen that S == 7*49 x lO* dynes/cm., which 

2*303 RT p / / » 

compared with the surface tension of water (75 dynes/cm.), is a very 
large tension. It would give rise to pressure differences in the case of 
the nuclei of the diameters on which the measurements were made of 
many tons per sq. in. 

The thermodynamic relationship holds only over the curved portion 
of Fig. 2, and breaks down before the rate of growth becomes constant. 
It is, therefore, necessary to make the additional postulate that the 
tension ceases to be constant when the particles reach a certain size, 
and this may well be the case for the contraction of the material of the 
nuclei giving rise to the cavities and cracks visible in the photographs 
would cause a diminution of the tension. It is also necessary to assume 
that the nuclei originate at centres of disturbance which are much larger 
than molecular dimensions, otherwise it would be impossible to account 
for the observed lengths of the induction periods. All that can be said 
at the moment is that this thermodynamical argument is not incom- 
patible with the results observed. 

It can be tested further, for one requirement of the theory is that the 
dissociation pressure of a small nucleus should be less than that of a 
large nucleus. In which case, it should be possible to check the growth 
of small nuclei at lower vapour pressures than for large nuclei. Measure- 
ments are now being made to investigate this 
matter. 

Tests have been made of the applicability of 
other equations, ws., 

(l) dr/dt = ~ /y, (2) dr/dt = 

(3) dr/dt = -f A), ( 4 ) dr/dt = kr/{r + k), 

(5) dr/dt = and (6) log r = A/ + const, ^ 

and except for (3) which gives a very good fit over 
the whole cuive and (6), which gives a fit over the 
curved portion of Fig. 2 only, the equations are not 
in agreement with the experimental results. The 
agreement with equation (3) is, however, very good. 

It can be tested by means of the integrated form of 
this equation (3) giving the variation in r with time, 

, r^ + Ar-B 
* Cr 

and the values of t calculated in this way are com- 
pared with the experimental values in Table I. 

This is the only equation we have found which is in 
agmment with the complete experimental curves. 

It is, however, an empirical equation, and up to 
the present it has not been linked up with a physical explanation. 

The rate of decomposition of certain solids which decompose wjth 
evolution of heat, ots., mercury fulminate, barium azide, and potassium 
axide, changes very rapidly with the time. Thus for mercury ful- 


TABLE I. 


I(c*p.). 

/(calc.). 

19 

i8‘9 

18 

18-0 

17 

17*0 

16 

i6*o 

15 


14 

14*0 

*3 

12*9 

12 

11*9 

II 

10*9 

10 

9*94 

9 

89 

8 

8-0 

7 

6-9 

6 

5*9^ 

5 

4*99 

4 

3*0 

3 

30 

2 

a-a 

1 

0-97 
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minate the rate varies as the twentieth power of the time. It is not 
possible to account for these facts in terms of solid nuclei growing at a 
linear rate from the moment of origin, and it has been suggested pre- 
viously either that the reactions are chain reactions, or that the nuclei 
when very small grow at an accelerating rate. It has not been found 
possible to decide between these two theories in the case of exothermic 
changes for no nuclei have been found in such cases which are susceptible 
of accurate measurement of their rates of growth. The above experi- 
ments with chrome alum do, however, show that the cause of the marked 
induction periods in these exothermic decompositions may lie in the lack 
of linearity in the rate of growth of small nuclei. 

Summary. 

Measurements have been made of the rates of growth of the spherical 
nuclei formed on dehydration of crystals of chrome alum. The nuclei 
have been shown to grow at an accelerating rate up to I0“* cm., and then 
to increase in size at a linear rate. The causes underlying the accelerating 
rate of growth are, however, obscure. The presence of a tension in the 
interface depressing the dissociation pressure would, however, account for 
the results obtained, and on applying the Kelvin equation a value of 
7*49 X lo* dynes /cm. is obtained for the tension. The bearing of the 
results on the induction periods in solid reactions is discussed. 

Our thanks are due to Imperial Chemical Industries Ltd. for a grant. 

Department of Chemistry^ 

The University, 

Bristol, 


ADSORPTION OF CARBON MONOXIDE ON ZINC 

OXIDE. 


By W. E. Garner and J. Maggs. 

Received 2yd October, 1936. 

The adsorption processes occurring on porous bodies often require 
lengthy periods for the establishment of equilibrium. In the case of 
some metals and simple crystalline salts, the adsorption is separable 
into two processes, (i) an initial rapid process believed to occur on the 
readily accessible areas of the adsorbent, and (2) a slow process due to 
diffusion of the gas down capillaries of molecular size, the rate of which 
obeys the diffusion equations and is also proportional to the degree of 
saturation of the gas on the readily accessible areas.* The sharp separa- 
tion into two processes is possible only for certain types of porous body. 
For precipitated oxides, for example, there is a tendency for the two 
processes to be merged into one, probably due to a continuous gradation 
in the size of the pores. In such cases, it is generally found that the 
diffusion equations do not hold exactly and that the deviations which 
occur from these equations are affected by conditions which modify the 
pore diameters, such as sintering, etc. 

‘Ward, Pfoc, Roy, Soc,, A, 1931, 133, ^za ; Bradley, Trans, Faraday Soc., 
^ 934 . 3 ®* 5 » 7 - 
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The occurrence of capillary flow makes the investigation of adsorption 
on porous bodies very difficult, especially when information is sought 
regarding the activation energy of such processes. Activation energies 
derived from rates of adsorption are always of doubtful value if capillary 
flow is present, for it is uncertain to what extent the activation energy 
is that of the adsorption process itself or that of surface flow.* It is 
therefore of interest to study the adsorption of gases under such con- 
ditions that complications due to capillary flow are at a minimum. 
Such conditions were observed during the adsorption of carbon monoxide 
and dioxide on a specimen of zinc oxide. It was found that the ad- 
sorption was practically instantaneous at room temperature and that 
the secondary slow adsorption was practically absent.* Experiments 
have been made with this oxide to determine if the adsorption processes, 
which give heats of adsorption 12-18 K. cal. /mol., possess activation 
energies. With this purpose in view, the adsorption isobar was studied 
to find out whether or not a minimum was present.^ In addition, it 
was sought to check the values for the heats of adsorption as determined 
in the thermocouple calorimeter. 

Experimental. 

Carbon monoxide was prepared from formic acid and sulphuric acid 
and the zinc oxide used was that employed previously.* The oxide^ 
which was in granular form, was contained in a platinum gauze cylinder 
suspended in the centre of the adsorption vessel by means of fine tungsten 
wire hooks sealed into glass. The weight of oxide was 2*21 gm. The 
adsorption vessel was connected through a liquid air trap to gas burettes, 
McLeod and Pirani gauges and high vacuum pumps. The volumes of 
various parts of the apparatus were determined with helium gas. 

The oxide was baked out in a high vacuum at 460° C. for two hours 
before each experiment and after celling to room temperature was placed 
in a bath kept at constant temperature. The temperatures ranged from 
that of liquid oxygen up to 40"" C. When the adsorbent had attained a 
constant temperature, a knowm volume of carbon monoxide was admitted 
from the gas burettes, and readings taken of the pressure after five aind 
twenty minutes respectively. Equilibrium was always attained within 
five minutes except for the lowest temperatures, provided that the oxide 
was in thermal equilibrium with the surroundings. 


Adsorption Isotherms. 

The adsorption isotherms were determined by the admission of suc- 
cessive quantities of carbon memoxide. It was not found possible to 
control the baking out so as to ensure that the surface of the oxide was 
in exactly the same state for each experiment so that it was advantageous 
after each baking-out to make adsorption measurements at two tem- 
peratures. This was done in the determinations of the heats of adsorption 
between o® and 20® C. Except at very low pressures and low temperatures, 
the plot of log ^ against log amount adsorbed gave a good straight line, 
so that the experimental results were in good agreement with Freundlich's 
equation. The results of two typical experiments are given in Fig. i 
for the oxidised and reduced zinc oxide respectively. The first two 
measurements in each experiment were made at 20® C., the next two at 
o® C„ the next at 20® C,, and so on. The reduction of the oxide with 


* Cf, Lennard- Jones. Trans. Faraday Sac., 1932, 38, 433. 

• Cf, Gamer and VeaJ. 7. Ckem. Soc., i935» 1436, 1487. 

♦ Cf, H, S. Taylor, J,A.C.S„ 1931 ^ 53» 57®* 
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hydrogen or its oxidation with oxygen had but a slight effect on the 

amounts of gas 

—r—jip adsorbed or on 

p the heat of ad- 

sorption. Also, 
\ j.,3 the presence or 
y*^ \ absence of mer* 

^y^ S cury vapour was 

^ found to have 

^yy^ ^ ^ slight 

^yy^ 4 effect on the 

^ nature of the 

^ results ; the 

- # 9 amount of gas 
o ReefucedlnO adsorbed was 

• Oxtcfisca ZnO greater in the 

^*0 j s ~J0 -^3 '^0 f 5 absence of mer* 

Fiq I cury vapour but 

the heats of 

adsorption were unaffected. 


RecfuceainO 

OxfCtfseaZnO 


Heats of Adsorption. 


The heats of adsorption were calculated from the adsorption isotherms 
with the aid of the Clausius-Clapeyron equation. Typical results for the 
untreated zinc oxide, reduced and oxidised zinc oxide are given in Table 1 . 
for the temperature interval 0-20® C. Mercury vapour was present in 
these cases in order that the results should be strictly comparable with 
those determined in the thermocouple calorimeter, where mercury vapour 
was also present. 

It wiU be noted that the beats do not change appreciably with the 
amount of gas adsorbed. 

The sutiace of the catalyst was as nearly as possible in the same state 
as that employed in measure* 


meats of the heats of adsorp* 
tion in the thermocouple 
calorimeter and hence the 
above results should be 
directly comparable with 
those of Gamer and Veal. 
The experimental heats 
varied with the amount of 
gas adsorbed, that is, with 
the gas pressure above the 
oxide. Between o and 
2 X io~» cm. pressure, Q ** 
18*2 and between 2 and 


TABLE I. 


Amomt 

AdtorlMd 

(cx.). 

Q 

UatfMtad. 

(K. 

-1-8 

j — 

15*28 

14-08 

— 1*6 

I 4'20 

*374 

147* 

-1-4 

13-56, 

* 3-95 

14*26 

— 1*2 

13*54 

13*50 

14*26 


8 X 10-* cm. Q » 12*5 K. cal. /mol. The heat of adsorption calculated 
by the thermodynamic method does not include that of the ffrst small 
quantities adsorbed and these heats will ^lerefore not be comparable 
with the first of the above values. The second, however, was deter- 
mined within the same range of equilibrium pressures as the thermo- 
dynamic heats and the agreement is within the experimental error of the 
direct method. 


Heats of Adaorptfon at Lower Temperatures. 

Two or three readings were made of the adsorption at o® C. and these 
were followed by measurements to obtain the adsorption isotherm at some 
other fixed temperature. The conditions of baking out were kept as 
constant as possible but it was found necessary to make corrections to 
bring the curves to the same condition of the surface. The results obtained 
are given in Table II. . 
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The heats of adsorption calculated from these values are given in Table 
111 . It will be noted that in general the difierential heats fall o£E as fbe 
amount adsorbed increases and as the temperature is lowered. The 
heats of adsorption between liquid air temperatures and 195^* C. could not 
be derived widi any accuracy from the results in Table 11 ., and hence no 
conclusion can be drawn as to whether or not any part of the adsorption 

at these tempera- 
tures occurs with 
heats of adsorption 
of the order of 
0*5-2 K. cal./mol. 

Adsorpticm Iso- 
bar, 

The adsorption 
isobar is given in 
Fig. 2 for pressures 
of io“* cm. Hg for 
the range of tem- 
peratures 90-293^ 
K. The curve to 
lo'* cm. Hg is 
very si m i l ar in shsq^. There is no evidence that there is any change in 
the chaiacter of the adsdiption between room and liquid air temperaturee» 
except to a gradual decieaae in the average heat of adsorption, and there 
is no discontinuity In the isobars, similar to those obtained by H. S, Taylor 



hmpervfun 
Fig. 2. 
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and his co-workers, for many oxides. For example, H. S. Taylor and 
Strothers * had a minimum at about 200^ K. and also two maxima on 
the adsorption isobar of hydrogen on ZnO. The absence of a discontinuity 
in the case of carbon monoxide on zinc oxide supports the contention that 
such discontinuities do not occur in the absence of capillary flow. It is 
thus doubtful if conclusions drawn from minima on adsorption isobars 
with r^ard to the activation energy of adsorption processes are valid 
unless it has been proved that capillary flow is absent. 

Summary* 

The heats of adsorption of carbon monoxide on zinc oxide have been 
determined from the adsorption isotherms over the range of temperatures 
195-318® K. and are found to be in agreement with the results obtained 
in the thermocouple calorimeter. 

The adsorption isobar shows no discontinuity and the conclusion is 
reached that the discontinuities are met with only in the case of adsorbents 
where capillary flow is present. 

Our thanks are due to the Imperial Chemical Industrie*^ Limited for 
a grant for the purchase of apparatus. 

Department of Chemistry, 

The University, 

Bristol 


^ J. A. C.S,, 1934* 588- 
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Tables of Physical and Chemical Constants and some Mathematical 
Function. By G. W. C. Kaye and I. H. Laby. Eighth edition. 
(London : Longmans, Green & Co. Ltd. I’p. 162. Price 14s.) 

In the absence of Professor Laby in the antipodes Dr. Kaye has revised 
these well-known tables, bringing them up-to-date and revising any errors 
which have been noticed. These tables are too well known to need an 
extended review. Apart from the inclusion of many more recent values, 
there has been considerable re-writing in the section on thermometry. 

Die Ferments und ihre Wirkungen. By C. Oppenheimek. Supple- 
ment, Lieferung i (Bd. I : Specieller Teil : Hauptteil VII.-XV.. 
Den Haag : W. Junk, Verlag, 1935. Pp- Pnee 28s). 

The enormous, ever increasing mass of scientific knowledge makes it 
a difficult task to keep it, so to say, sweet and alive, and prevent it simply 
accumulating in the issues of periodicals belonging to the past. One has 
to be most thankful to those men and institutions w^ho have the industry, 
the energy and the means to concentrate and correlate this wealth of 
fact and to spread its knowledge outside the narrow range of the pure 
specialists. 

Professor Oppenheimer has become more and more the Beilstein ** 
of the science of enzymes. His text-book on this subject is so well known 
that nothing need be said about its value. The supplement which is 
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beginning to appear is meant to bring the special part of the original work 
up to date. This first issue treats the esterases (lipases, lecithases, tannases, 
phosphatases). It commences with a more general, im^rtant discussion 
of modem conceptions of enzyme structure which necessitate the use of 
a new terminology. 

H. F. 

EiectfxMytIc Oxidation and Reduction. Monographs on Applied Chemistry, 
Vol. IX. By S. Glasstone and A. Hickling. (Pp. ix -f 420. Chap- 
man & Hall. 25s. net.) 

To the works chemist who has never used electrolytic methods this 
book opens up new avenues and gives food for thought. The neat pro- 
cesses and the control one can exercise on the progress of the reactions 
once the fundamental principles are known should have a direct appeal. 

To the research worker this book is invaluable, bringing forward as it 
does the principles of Electrolysis in the light of modem knowledge, thus 
making a notable addition to existing textbooks. It deals, from a labora- 
tory point of view, ecjually well with fundamental principles as with ex- 
perimental data, and the voluminous references enable one to follow any 
phase of the subject more closely should one so desire. Where conflicting 
views are held, the pros and cons of each are logically discussed. Con- 
flicting experimental results are pulled into line with theory in such a 
capable manner that one immediately has confidence that in this work will 
be found first principles that will hold gcxid. 

To the careful reader, imagination will present possibilities of processes 
not given, because the effective manner in which the data is given for the 
suppression of undesirable compounds, will open up the way to the pro- 
duction of these compounds when thej'^ become desirable. 

The title has an advantage and a disadvantage. In the first place it 
focusses the attention on the fact that in aqueous solution the chief re- 
action is the electrolysis of water and the chief products Oxygen and 
Hydrogen. In the second place, it leaves the uninitiated with the impres- 
sion that these are the only possibilities of electrolysis, although an attempt 
has been made to remedy this impression by the inclusion of a chapter on 
substitution as secondary phenomena. 

Altogether a well- written and readable book. 

R. P. L. B. 

Cforrosion Reslstattce of Metals and Alloys. By Robert J. McKay 
and R. Worthington, Pp. 492* (New^ York : The Reinhold 
Publishing G>rp. London : Chapman & Hall, Ltd. Price 35s. net.) 

Mr. H. J. McKay's name has long been associated with the study and 
combating of corrosion. The present treatise, written in collaboration 
with Mr. R. Worthington, is assured, therefore, of a very wide welcome. 

The first part ('* General and Theoretical *') is much slhorter than and 
is frankly subsorvieot to the second { “ Corrosion Behaviour of Specific 
Metals and Alloys "). Whilst the author’s unconventional treatment of 
theoretical matters leaves^ loopholes for critici^, the essential raison 
d'Htrs of the work is rqixesented by the “ specific ** second part. This 
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presentation in accessible and assunilable form of data concerning the 
behaviour of metallic systems in corroding media of various kinds should 
prove of considerable assistance to many technical workers. 

The task of writing such a book is admittedly attended with much 
difficulty, not the least part of which is associated with the classihcation 
of the relevant data. After much consideration of alternatives in both 
sections, the authors adopt for the specific part a system whereby the 
information is arranged under the headings of the respective metal systems. 
Whilst the engineer may prefer to find the behaviour of materials dis- 
cussed under the particular corroding medium with which he is concerned, 
any inconvenience is reduced to a minimum by an exceptionally thorough 
subject index, which constitutes a gratifying feature of the work. The 
length of the author index further reflects the wideness of the field 
surveyed. 

The style may prove irksome to many, and there is much looseness of 
expression, as for example the rendering of corroding media indiscrimin- 
ately as corrodents," '* corroders," and "corrosives," and stainless steel 
as " stainless." In aU the tables and throughout the text corrosion rates 
are expressed as " mg. per sq. dm. per day," the reader being left to 
infer that this refers to loss in weight. Similarly, in Table IV, where 
factors are given for conversion to " inches per year " and " cm. per 
year," it is left to inference not only that these values represent depth 
of penetration (which is sufficiently obvious), but also that the total loss 
of weight is assumed to be distributed uniformly over the whole area 
of the specimen, an assumption that is frequently remote from the truth. 
The treatment, in general, is thoroughly up-to-date ; certain curious 
lapses have been noted, however. Thus, a brief account of the pn>- 
tection of magnesium and its industrial alloys includes no mention of the 
selenium process of Bengough and Whitby. A noteworthy omission 
from the metal systems is that of silver and its alloys which now find many 
important applications in chemical engineering. Sectional bibliographies 
at the end of each chapter, supplement usefully the information given 
in the text, and the number of references so included is extremely large. 
The production and printing is in every way satisfactory. 

W. H. J. V, 

CkMU: Its Constltutiim and Uses. By W."A. BpNE and G. W. Hmus : 
with a chapter on fuel economy and heat transmission in industrial 
furnaces by R. J. Sarjant. vii -f- 631. (Longmans, Green St 
Co., 1936. 25»0 

During the eighteen years which have passed since Professor Bone's 
monograph on coal was published, there have been important develop- 
ments in coal chemistry, and in the application of coal as an industrial 
raw material. The present book follows the same general lines as its 
predecessor, but the task of bringing ail the material in it up to da^ has 
involved much more than mere revision, and many entirely new sections 
now appear. 

The introductory chapters are concerned with the coal industry irom 
the economic side, and are followed by a description of the geology of the 
coal meastires, and the mechanism of changes in the series lignin — ^peat — 
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coal. The different systems of classification of coals are reviewed, with 
particular reference to microscopic examination of bituminous types. 
The chemical constitution of coal is then considered, as revealed by the 
three alternative methods of attack : thermal decomposition, solvent 
extraction and oxidation. The chemistry of coal combustion is discussed 
in connection with such problems as smoke abatement, firing of boilers, 
and the use of pulverised fuel. This order of treatment lea^ naturally 
to a series of chapters on the carbonisation of coal, together with an account 
of the manufacture of water-gas and the complete gasification of coal. 
Fuel problems connected with the iron and steel industries are next ex- 
amined, and the use of coal for power production, and for domestic heat- 
ing, is considered in subsequent sections. A description of the recently 
established coal hydrogenation process is included and the phenomena 
of surface combustion are also reviewed. The final chapter, contributed 
by Dr. Sarjant, is concerned with fuel economy and heat transfer in in- 
dustrial furnaces. 

The book should appeal to a wide range of readers, in both academic 
and industrial circles, as a thorough and authoritative summairy of in- 
formation now available. Much material is included, from the labora- 
tories of the Imperial College of Science and Technology, which has not 
been published elsewhere, and many suggestions are made with the in- 
tention of stimulating further research. Interest wall naturalUy be fo- 
cussed on those sections with which the authors have had so many years 
intimate contact, such as the chemistry of coal, the phenomena of com- 
bustion and the reactions of the blast furnace. At the same time the more 
technical chapters provide a good picture of the relation of industrial 
processes to coal itself, although they are inevitably brief in their treat- 
ment and rightly exclude any discussion of by-products. 

The inclusion of a bibliography at the end of most of the chapters 
increases the ease of reference to original publications. The printing and 
binding of the book have been most efficiently carried out, and the illus- 
trations on the whole are excellent ; in a few cases (e,g. Figs. 42, 86, and 
ia6) the lettering has been so reduced in size as to be illegible, and the 
drawings indicating the operation of a water-gas plant are too small to 
be useful. 

R. H, G. 


Die Thermodjrtiamik eiiiheltltcher Stolfe und binarer Gemi8che« mil 

Anweoduiigeii auf Terachiedeiie phyaikaliach-chemische Probleme. 

By Dr. J. J. Van Laar. (P. Noordhoff, N.V., Groningen-Batavia, 1935. 

Pp. viii + 379. Price 12 gld.. Bound 13.50 gld.) 

Dr. van Laar develops in this treatise, which is divided into two parts 
indicated by the title, the general theory of two-phase equilbria of simple 
substances and binary systems. Both books start with a brief discussion of 
van der Waals* gene^ equation of state ; the first deals with the func- 
tk m al dependence of a and 6 on volume and temperature and, in the 
second, the dependence on the molar concentration is discussed ; the 
fundamental thermodynamical relations are then introduced. By com- 
bining the two theories a detailed analysis of the two-phase equOitnia 
not too near the cr^kal region (gas-liquid) is given. The mode of approach 
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IS typical of the Dutch school of thermodynamics, which carefu^jr 
lates the deviations from the ideal laws {e g Raoult's law) with 
terms with at* m the molar thermodynamical potentials, which 
result from the a and b of the van der Waals* equation It iS 
to note how the use of these more general expressions leads m a 
hcation of the vapour pressure curves for bmary liquids and of %e ^ai r yH 
of co-existence for two liquid phases (critical miscibihty) 

Ihe author has successfully demonstrated the main theottma l|| 
concise way which allows a very clear perception of the theoreti^l 
work He has added, where it appeared of mterest, a critical examioal^iitil 
of less exact conceptions (e g in relation to Dalton's law) and even M 
erroneous theoretical representation (e g in relation to the osmotic pres&M||%)« 
Furthermore, repeated warnings are given against rash conclusions ai to 
chemical association from deviations from the ideal laws If cisspciattj^ 
does occur, independent evidence is always absolutely necessary 

In many parts numerical apphcations of the theoretical dc^ic^kictioiti 
are given, in which respect the present work differs from the classic^reatlie 
by van der Waals-Kohnstaram Special mention may also be made of 
the comprehensive and critical discussion of the melting-, evaporatK^* 
and sublimation-curves for all the elements, in which the expen^enut 
results are checked ^ 

The theory of strong electrolytes is mentioned mainly m connl^^4 
with two-phase equilibria The author favours the Ghosh theory 
ever, his theoretical objection agamst the Debyc-HUckel theory i3‘* nqt 
very conclusive, whereas the temperature independence of the Gb&^S 
average ’ distance is not discussed 
In two respects this work might gam m value The statement that 
** constants " a and b do vary with volume and temperature is an^piy 
justified It would seem that because of the importance of these quanti^^ 
a more extensive analysis of their connection w ith the molecular constafit^ 
% e the molecular volumes aud the molecular attractive and repuls^l^ 
forces, IS desirable Secondly, the section on specific heats might have 
been a little more detailed, smee modem spectroscopy and statistical 
theory have given such detailed and accurate information about rotationid 
and vibrational states 

Apart from these two criticisms this treatise is an important addit^a 


to the senes of monographs of the Dutch School, and needs no further** 
recommendation to all those who are acquainted with the author s eafUer 
works The volume is excellently printed and produced and hputaina 
but few misprints ^ ^ 

D. AMtfc 
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